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ABSTRACT 
ABSTRACT 
The present study, Manipulated Osmosis Desalination (MOD) looks at a process 
based on the replacement of the conventional reverse osmosis (RO) process, in which 
the water from a pressurised solution is separated from the solutes (the dissolved 
material) by a two stage membrane process. The first stage uses forward osmosis (FO) 
that naturally drives out the fresh solvent from a concentrated salt solution by 
manipulating the osmotic energy potential through innovative use of osmotic agents. 
The second step involves nanofiltration (NF) separation to regenerate the OA and 
produce the clean water. Optimising the first step to achieve the highest quality and 
quantity of water is the focus of this research. 
Experiments were conducted on a flat bed bench scale rig. Quantitative results are 
displayed on the effect of draw solution solute concentration and feed salinity on the 
quality and quantity of produced water. Further data is displayed on the effect of 
varying the flow and temperature of the draw and feed solutions. Finally, the effect of 
-using different types of membranes is investigated and the results displayed. Results 
show that the water flux through the membrane increased as the solute concentration 
and osmotic pressure of the DS increased. Data also showed that as temperature 
increases, water flux increases almost linearly. The draw back is that the increased 
temperature also resulted in lower salt rejection and salt selectivity due to a higher 
diffusion rate of salt through the membrane. 
It was concluded that membrane productivity is sensitive to changes in feed and DS 
temperatures. Furthermore, although both external concentration polarization (ECP) 
and internal concentration polarization (ICP) played major roles in the reduction of 
the osmotic driving force in the FO experiments, it was concluded that an increase in 
temperature reduces the effect of dilutive ICP. Increasing the flow of feed and DS 
reduced the effect of ECP, hence optimization of the osmotic driving force is achieved by 
controlling temperature and flow rates of the feed and DS. This study has also 
demonstrated that both RO and NF membranes can be used effectively for FO, and 
experimental results verify that MgSO4 can be considered as the DS for its high 
osmotic pressure as well as compatibility with water regulations and low corrosivity. 
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1. INTRODUCTION 
1. INTRODUCTION 
Shortage of fresh water causes many human beings, mostly in third world countries, 
to die every day. The chemical and biological contamination of drinking water poses a 
worldwide crisis. 
Few statistics are listed below; to show the necessity of clean water: 
" 20% of the global population do not have access to safe drinking water, which 
accounts to approximately 1.2 billion people. 
" 50% of the world's population need adequate water purification systems. 
9A development in sanitation, water supplies and water treatment will directly 
result in the decline of 80 % of global diseases. 
" It is predicted that by 2025, the global population will have increased by more 
than 30%. Unless enhancements to the present desalination methods are 
established, the accessibility of fresh water is likely to significantly decrease. 
Most at risk are developing countries as their populations rise exponentially. Keeping 
up with the requirements for proper sanitation and water treatment will be found 
increasingly complicated for these countries. Furthermore, most Middle Eastern 
countries have water shortages and annually, have less than 500 m3 per capita water 
requirement of renewable natural water sources (UN Report, 2003); whereas the 
minimum limit set by the UN is 1700 m3. 
Clean sources of freshwater supply are produced from sea waters using desalination 
technologies. Sea, brackish or waste water may all be included in the feed water used 
for desalination. As the cost of desalination is determined by the water salinity, feed 
water containing the smallest amount of impurities is the most favourable to use in the 
desalination process as it will incur the minimum cost. 
A recent review by the US National Research Council (NRC, 2004) strongly 
recommended the support of further research and development in the application of 
novel membrane based technologies to "reduce energy and capital costs and brine 
disposal". The review states that the most "optimistic" limit of achievement is a 50 to 
80 percent capital and operating cost reduction, coupled with a similar increase in 
i 
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energy efficiency using the application of new "break-through" technologies over the 
next twenty years. By the year 2020, the review states that desalination and water 
purification technologies will contribute significantly to ensuring a safe, sustainable, 
affordable, and adequate water supply. For current state of the art seawater Reverse 
Osmosis (RO) systems, the maximum optimistic reduction is 20% which represents 
the RO process thermodynamic limit of 1.77 kWh/m3 for a 50% recovery rate and a 
100% energy recovery in seawater applications. The review states that to obtain 
further reductions in energy, a different desalination approach is recommended (NRC, 
2004). 
The present study, (MOD) looks at a process based on the replacement of the 
conventional RO process, in which the water from a pressurised solution is separated 
from the solutes (the dissolved material) by a two stage membrane process. This novel 
process involves two steps which will be discussed in further detail in section 4. The 
first step uses forward osmosis (FO) that naturally drives out the fresh solvent from a 
concentrated salt solution by manipulating the osmotic energy potential through 
innovative use of osmotic agents as demonstrated in figure I. I. The second step 
involves nanofiltration separation to regenerate the osmotic agents and produce the 
clean water. The focus of the present research is to optimise the first step in order to 
achieve the highest quality and quantity of water. 
The Aims and Objectives of this research are: 
" To study the suitability of selective OA's on a FO process and investigate the 
performance for different process conditions. 
" To construct and optimise a forward osmosis bench scale rig. 
" To investigate the effect of OA concentration and feed salinity on flux, salt 
selectivity and rejection rate. 
9 To determine the suitability of readily available membranes for use in FO 
applications. 
" To investigate the effect of flow rate and temperature on water permeability 
through the membrane. 
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Nanofiltration (NF) membranes have high rejection of multivalent ions (greater than 99%) 
and higher water recoveries as compared to RO membranes (by 5-10 times) for similar 
operating pressures (Bowen, 2004). Treatment for drinking water production and for 
wastewater is among the main applications using NF membranes. NF membranes 
have several applications in water treatment technologies such as drinking water and 
wastewater filtration. They are used in the treatment of water including ground, 
surface, and wastewater. Another breakthrough use for NF is in the pretreatment of 
water for desalination (Hilal, 2004). 
MANIPULATED FORWARD OSMOSIS 
Water moves across a selectively permeable membrane (SPM) 
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The first step of this novel process involves direct osmosis that naturally drives out 
the fresh water from a concentrated salt solution by manipulating the osmotic energy 
potential through the use of Osmotic Agents (OA). Fresh water will pass from the less 
concentrated side to the more concentrated side across a semi-permeable membrane. 
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The research will look to vary the following variables and determine what effects they 
have on the quantity and purity of the product. Further details will be provided in 
section 5. 
" Varying the concentrations of the DS. Different terms are used in literature to 
name this solution including DS, OA solution and driving force. 
" Varying the salinity of the feed solution. 
" Varying the temperature of both the draw solution (DS) and feed solution. 
" Varying the feed and DS flow rate. 
" Type of membrane, including Nanofiltration and Reverse Osmosis membranes. 
The DS is critical in providing both the flexibility and novelty to be able to separate 
the composition of the feed stream from the permeate stream. In principle, this allows 
for the tailoring of the permeate stream to a specific specification by inducing 
variation in DS composition and concentration. The main features in selecting an OA 
are for it to have high osmotic potential and solubility in water. The solute must also 
be easily and inexpensively separated in the subsequent NF process to yield potable 
water, without itself being consumed. 
Initial experiments will determine whether a suitable membrane is readily available 
by conducting numerous investigations of the membrane suitability for the FO 
technology in terms of performance. A number of experiments were conducted using 
glucose as the DS. Glucose was chosen as it has high solubility and a high osmotic 
pressure and has been used extensively in the previous FO studies. Kravath (1975) 
showed that FO took place when glucose was placed on one side of a cellulose acetate 
membrane and seawater on the other side. Results for glucose as the DS can be found 
in Appendix A. 
Key experiments were conducted with a DS that has not been researched to this extent 
before. Magnesium sulfate heptahydrate, MgSO4.7H2O has a high molecular weight 
and produces a high osmotic pressure in the solution. Furthermore, magnesium sulfate 
heptahydrate is adequatly soluble in water and does not require extra precautions 
when using it. 
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A higher operating cost is expected with an increase in the salinity of feed water. In 
addition, membrane area, fouling, or increasing the stages of distillation may further 
increase the cost (Khan, 1986). For this reason, experiments in this research were 
conducted for a feed solution of deionized water, a feed solution of 10,000 ppm NaCl 
to resemble brackish water, and a feed solution of 40,000 ppm NaCl to resemble sea 
water. 
Concentration polarization (CP) plays a key role in hindering the performance of 
current desalination technologies and will be discussed further in section 2.6. Current 
research on other OA's showed that increasing the temperature of the DS can 
minimize the effect of dilutive internal concentration polarization (ICP). 
(McCutcheon [2], 2006) Furthermore, research shows that by increasing the 
temperature of the feed by 20°C, the permeate flux can be increased by more than 
three-fold. (Alklaibi, 2004) 
The effect of varying the flow on water flux and rejection rate were investigated in 
this research as current study on other OA's has shown that the effect of external 
concentration polarization (ECP) can be minimized by flow across the membrane 
(McCutcheon [2], 2006). 
Finally, this research investigates what the effects of varying the membrane properties 
on flux and salt rejection. The membrane investigations include two types of RO 
membranes and a NF membrane, all of which are currently available commercially. 
Further details of the membranes used can be found in section 5.2. 
5 
2. REVIEW OF DESALINATION METHODS 
2. REVIEW OF DESALINATION METHODS 
Depending on the method by which pure water is extracted, there are three categories 
which desalination processes are separated into. The first has been established as the 
baseline technology. This is a distillation (Thermal) method, and dominating this 
method is the use of Multi-Stage flash (MSF). Surpassing MSF as the chief 
desalination technology is the second method, known as a membrane process with 
reverse osmosis (RO). With the expansion in membrane technology, RO is rapidly 
becoming the baseline technology in the desalination industry. The chemical 
procedure to desalination is the third and final method. This type is more diverse and 
includes processes such as ion exchange chromatography and liquid-liquid extraction. 
The general perception to chemical approaches in desalination is that they are 
perceived to be comparatively more expensive in extracting fresh water than thermal 
and membrane processes. 
The ratio of the desalinated water volume to that of the feed water volume used to 
produce it is called the recovery rate. A low recovery rate will save on the energy cost 
of the desalination process in thermal methods. However, for membrane methods this 
depends on water quality and membrane performance, thus low recovery rate does not 
always result in energy saving. Increasing the recovery ratio however is advantageous 
as this saves on the pre-treatment costs of the desalination process by reducing the 
pumping cost and also cost of brine discharge. 
The key thermal and membrane technologies that have been widely used in the 
desalination industry, will be discussed in sections 2.1 and 2.2 
2.1. THERMAL TECHNOLOGIES 
Over 40% of the global desalination capacity is accounted for by thermal (distillation) 
technologies. The oldest method of desalination is distillation, with the year 1928 
seeing the world's first land-based desalination plant being installed. This multiple- 
effect distillation (MED) process plant was in Curacao, Netherlands Antilles, and had 
a capacity of 60 m3/day (United Nations Environment Programme, 1997). 
6 
2. REVIEW OF DESALINATION METHODS 
Thermal technologies are preferred to membrane technologies 
in the Middle East 
where the highest capacity of desalination plants are 
found. The lower fuel expenses 
in the region make thermal technologies a practical option, as well as producing 
high 
purity (low TDS) water. The three most universally used thermal 
desalination 
processes are further discussed. 
2.1.1: MULTI-STAGE FLASH DISTILLATION 
For more than 40 years MSF units have been in commercial production, with the first 
installed at a location known as Shuwaik near Kuwait's harbour (Al-Wazzan, 2001). 
The MSF distillation process uses columns each with consecutively lower 
temperatures and pressures for the water to boil immediately. This maximises the 
water recovery rate. Liquid brine is transformed into steam, quickly flashing the 
water. This flashed water is then condensed, and the latent heat of evaporation is 
recovered for reuse by preheating the incoming water. The condensate from the water 
vapour forms the freshwater. The fresh water is collected at each stage and passed on 
from stage to stage in parallel with the brine. 
A portion of the brine from the preceding stage is frequently mixed with the incoming 
feed water as the quantity of vaporised brine that is necessary from the MSF is very 
high. This brine is flashed again through all of the subsequent stages after being 
passed through the heat recovery divisions of the brine heater. 
In general top feed temperatures of between 90°C and 120°C are used in the 
functioning of MSF plants. The thermal efficiency of the plant increases at 
temperatures closer to 120°C, however scale formation is accelerated and thus 
corrosion is likely. 
2.1.2: MULTIPLE - EFFECT DISTILLATION 
MED plants are progressively being used when thermal evaporation is favoured to 
membrane separation, although the number of MED plants is comparatively small 
compared to MSF plants; since MSF has lower power consumption and a superior 
thermal performance than MED. The problems with scaling on the heat transfer tubes 
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create the drawbacks to MED; however newer plants are designed to limit problems 
related to scaling by operating at lower temperatures. 
Similar to MSF, the consecutive chambers used in the MED are run with a lower 
temperature and pressure raising the feed to boiling point. A thin film of feed water is 
sprayed onto the surface of the evaporator tubes in the first chamber. As steam passes, 
it encourages rapid boiling and evaporation at one side of the tube and condensation 
on the other. This condensate from the boiler steam is recycled back the boiler for 
reuse. Fresh water is the product of the condensed vapour which also provides 
additional heat for vaporisation in the next chamber. 
The MED plant can run at high or low temperatures. Thus an advantage of this 
process is its ability to reduce the effects of corrosion and scaling by running at low 
temperatures. However, this raises the need for a further heat transfer area in the form 
of tubes and thus increasing the capital and operating expenditure of the plant. 
2.1.3: VAPOUR COMPRESSION DISTILLATION 
To drive evaporation, vapour compression (VC) processes rely on reduced pressure 
operation which reduces the boiling point. Rather than the direct exchange of heat 
from steam formed in a boiler; as seen in MSF or MED, the heat of evaporating the 
waters comes from the compression of vapour. VC units are likely to be used where 
cooling water and low-cost steam are expensive or complex to use. This is a reason 
why this process is primarily used in small and medium scale water desalination 
plants. 
2.2 MEMBRANE PROCESS 
The two main membrane processes used for water desalination are Electrodialysis 
(ED) and RO. Although in each process the membranes are used differently, they 
share the common theory of using the capability of the membranes to distinguish and 
selectively divide the salt and water molecules. A third process known as FO will be 
the focus of the present study and is a relatively unexplored process. FO has a huge 
potential in reducing both the capital and operations costs of the desalination process. 
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ED was industrially launched in the early 1960s, about 10 years before RO (Reahl, 
2004). The general principle behind ED is that salts are moved through a membrane 
stack consisting of over a hundred anode and cathode selective cells using an 
electrical potential. Fresh water is left behind after the salts are attracted in opposite 
directions to anode and cathode selective membranes. With ED, backward diffusion 
resulting from high dilute and concentrate salinity differences is a main problem. 
Other disadvantages include: Pre-treatment being required to prevent materials which 
could harm the membrane. ED works most efficiently in low-salinity applications and 
thus is mostly used in the treatment of brackish water. Operation and maintenance of 
the ED units is time consuming. Routine maintenance is usually accomplished 
through a series of cleaning procedures and daily monitoring. Once the ED units are 
installed, the site needs to be designed with maintenance and operation in mind, as it 
is frequently required when using this desalination method. 
Since the 19th century the theory of RO was acknowledged, with the first thermal 
desalination unit built in 1890. (European Desalination Society Newsletter, issue 24, 
2006). In 2001, more than 3000 large RO treatment plants existed, each producing 
over a million gallons of drinking water each day, from the desalination of sea and 
brackish waters (Al-Jayyousi, 2001). The fundamental principle of RO is that pressure 
is applied to force water molecules to flow from a concentrated solution to a dilute 
solution against a concentration gradient, leaving the salts behind. 
The two main membrane desalination processes, as well as forward osmosis will be 
discussed in the sections below. However, RO and FO will be considered in more 
detail as they are directly related to this study. 
2.2.1: ELECTRODIALYSIS 
By means of an electrodialysis cell, salt ions are transported from one solution 
through ion-exchange membranes to another solution under the influence of an 
applied electric potential difference. The cell consists of a feed (diluate) compartment 
and a concentrate (brine) compartment formed by an anion exchange membrane and a 
cation exchange membrane placed between two electrodes. Electrodialysis processes 
are unique compared to distillation techniques and other membrane based processes 
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(such as RO) in that dissolved species are moved away from the feed stream rather 
than the reverse. Because the quantity of dissolved species in the feed stream is far 
less than that of the fluid, electrodialysis offers the practical advantage of much higher 
feed recovery in many applications. 
Pre-treatment of the feed water is necessary to reduce the regular cost of cleaning the 
membranes, as the cation and anion selective membranes in ED are prone to fouling 
and scale. Another way to do this is by reversing the polarity of the membranes in 
order to wash out the residues from the surface of the membranes. 
In general ED is limited to brackish waters and is able to reduce dissolved ions in 
process streams of up to 5000 ppm total dissolved solids (Amjad, 1998). The advance 
of ED provided a cost-effective solution to the desalting of brackish water and 
prompted significant interest in this area. 
2.2.2: REVERSE OSMOSIS 
Osmosis is the passage of water from a region of high water concentration 
(low solute concentration) to a region of low water concentration (high solute 
concentration) through a semi-permeable membrane. As illustrated in figure 2.1, RO 
is therefore the opposite and is defined as the forced passage of water from a region of 
low water concentration to a region of high water concentration through a semi- 
permeable membrane, under high pressure. Energy is required to overcome the 
osmotic pressure of the solution in order to reverse the natural process of osmosis. 
RO can be used to desalinate both seawater and brackish water although the energy 
consumption factor has forced reverse osmosis to concentrate more on brackish water 
as this will require less pre-treatment and lower operating pressure (brackish water 
has lower osmotic pressure than seawater) and is thus more economical. 
A fundamental feature in desalination is membrane technology and none more so than 
in RO. RO membranes are made in various types and configuration, with hollow fine 
fibre and spiral wound being the most commercially available in membrane 
separation (Biagi, 2004). This will be further discussed in section 2.5. 
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Direction of water movement in reverse osmosis under hydrostatic applied pressure 
The RO desalination process involves saline feed water being pumped into a closed 
vessel against a semi-permeable membrane. The salt ions in the saline solution will 
stay behind the membrane while only fresh water will pass through. As this process 
builds on, the concentration of the solutes in the feed water will keep increasing 
requiring more energy to pass the fresh water against the concentration gradient. 
Some feed water is recycled back into the feed tank to keep the feed water 
concentration entering the membrane fairly constant. As the concentration of the feed 
water constantly increases, and thus the required pressure increases, a typical recovery 
value for seawater using RO is only 40 - 60%. Operating pressures for RO range from 
55 to 70 bar for seawater, depending on the feed salinity level and process recovery 
rate (Wilf, 2001). 
Pre-treatment is necessary, as reducing the deposits on the membrane is vital as large 
particles will block the small passages that allow water and some very small particles 
to pass. Pre-treatment usually consists of Microfiltration (MF) and Ultrafiltration (UF) 
and the addition of chemicals to inhibit microbial growth and scaling deposition. 
2.2.3: FORWARD OSMOSIS 
Relative to the previous desalination methods discussed, FO is an unexplored process 
that may be able to separate salt from seawater in a process which is more energy 
efficient, environmentally friendly and more economically viable. (Sharif and Al- 
Mayahi, 2005) 
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In RO, water is driven through a semi-permeable membrane by hydraulic pressure, 
which is necessary to overcome the natural tendency of water to move from a less 
concentrated solution (fresh water permeate) to a more concentrated solution (sea 
water. ) This required pressure uses over 40% of the energy required in RO, whereas 
FO does not require high energy as water moves naturally from the relatively dilute 
sea water solution into the concentrated DS as shown in figure 2.2. 
Current study has shown FO to have a recovery rate of over 75% freshwater from 
seawater, compared to 35 to 50 percent for reverse osmosis. FO can also obtain more 
potable water from brackish water, leaving behind a smaller volume of highly 
concentrated brine. Furthermore, FO can be configured to utilize waste heat or 
thermal energy in an arrangement which uses considerably less electricity than RO 
(McCutcheon [1], 2006). 
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Figure 2.2: Forward osmosis 
DIRECTION OF WATER MOVEMENT IN FORWARD OSMOSIS 
2.3: OVERVIEW OF MEMBRANE TECHNOLOGIES 
In membrane separation technology, a semi-permeable membrane separates the feed 
stream into two streams identified as permeate and concentrate. The permeate; which 
is typically the product, is the fraction of the fluid that passes through the semi- 
permeable membrane. The concentrate contains the constituents that are rejected by 
the semi-permeable membrane. The appropriate choice of a membrane is established 
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by the specific application purpose. This can include the elimination of dissolved 
solids, hardness diminution or extremely pure water production. Below is an overview 
of the types of membranes which can be used in desalination. 
2.3.1: MICROPOROUS MEMBRANES: 
The pore diameter and particle size determine the sieving mechanism related to this 
type of membrane. Microporous membranes have a three-dimensional sponge-like 
structure and constitute thin sheets of material. The membrane's semi-permeable 
pores are created by complex paths which exist in the connections among the 
openings in the material. These pores permit gas to pass through the membrane while 
limiting the channel for particles larger than the pore diameter, ranging from I nm - 
20 microns. MF and OF membranes are considered microporous membranes, and 
may be used in applications such as in pre-treatment in the RO process, batteries or 
fuel cells. 
2.3.2: ASYMMETRIC MEMBRANES 
Most RO membranes fall into this category. An asymmetric membrane consists of a 
thin skin layer (0.1 - 1.0 micron) acting as a selectively permeable membrane, and a 
thick extremely permeable (100 - 200 microns) base which it is placed upon. The 
pore size and asymmetric structure of the membrane allow the retention of particles 
greater than the molecular weight cut-off (MWCO) of the membrane while permitting 
smaller particles to pass through the membrane. 
2.4: SPECIFIC MEMBRANE TECHNOLOGIES 
The main pressure driven membrane filtration processes are: microfiltration (MF), 
ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO). They differ 
primarily in the size of the particles to separate and the membranes needed for it. 
Figure 2.3 below illustrates the size of the particles that are separated within each type 
of process. The membranes are determined by a molecular weight cut-off number that 
will indicate the MW retained for around 90% of the molecules. Table 2.1 
demonstrates the driving pressure, the separation principle used for each process, as 
well as the main application that they are used for. 
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*Figure 2.3: Particle size separation within each type of separation process 
*Table 2.1: Summary of the different separation processes. 
Process Driving force Separation principle Main Application 
(Pressure Difference) 
Microfiltration (0.1 -1 bar) Filtration bacteria filter water and J wastewater treatment 
Ultrafiltration (0.5 - 10 bar) Filtration concentrating 
macromolecular 
solutions water and 
wastewater treatment 
Nanofiltration (5 - 20 bar) filtration/ partial water softening 
electrostatic interaction 
Reverse (8 - 100 bar) Solution diffusion seawater desalination 
osmosis mechanism 
(* source: http: //www. vito. be/english/environment/environmentaltech7a. htm) 
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2.4.1: REVERSE AND FORWARD OSMOSIS 
RO is a pressure driven process used to desalinate brackish and/or seawater to 
produce potable water. RO membranes are generally either asymmetric or thin film 
composite membranes. Due to the extremely small RO pore size, the membrane 
allows only water and partially some monovalent ions (the smallest organic 
molecules) to pass through the semi -permeable membrane. It will remove all 
particles in the water which are less than 1 micron; these include dissolved solids, 
bacteria, viruses and other germs. 
RO uses relatively lower energy than thermal processes as it involves no phase 
change and operates under a trans-membrane pressure difference in the range of 5-8 
MPa. In RO, water, under the effect of applied pressure, will pass from the higher 
solute concentration to the lower solute concentration until the osmotic pressure is 
equal to the applied pressure. 
In natural osmosis, or as commonly termed as Forward Osmosis (FO) or Direct 
Osmosis (DO) water will diffuse naturally (i. e. no applied pressure) from the lower 
solute concentration to the higher solute concentration until equilibrium is reached. 
Current FO applications use similar membranes to those used in the RO membranes 
in terms of salt rejection but with different flow configurations and lower operating 
pressure. Specific membranes for FO are in the process of being developed which 
aim at maximising flux and reducing the effect of CP which is seen in current RO 
membranes. 
2.4.2: NANOFILTRATION (NF) : 
NF membranes are a relatively recent development in the field of RO membrane 
separations. However, it is different to RO in that it has a larger membrane pore 
structure, thus permitting larger molecules through the membrane as compared to RO, 
and thus nanofiltration membranes are rarely used in desalination. NF will be 
combined in this research with FO membranes to produce significantly higher fluxes 
than RO process and thus lower specific energy consumption with high rejection of 
divalent ions. 
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Currently, NF membranes are used when water softening is required as they have 
excellent rejection of calcium and magnesium salts which form the majority of 
hardness in water. NF has been functional where toxic components needed to be 
removed from imported and discharge waters. It has been used for treatment of oil 
sands waters in the exclusion of polyvalent ions (hardness) and naphthenic acids 
(NA). After membrane filtration, it is expected that both water hardness and the NA 
concentrations can be reduced by over 95% (Peng , 2004). 
The advantages of using NF over RO are numerous. NF membranes have a higher 
water recovery than RO, thereby conserving energy and total water usage. These 
membranes also use less energy as they operate at a much lower pressures than RO; in 
the range of 5- 15 bar. In the present study, NF membranes are needed to work at 
higher pressure to separate a high concentration of divalent ions in the solutions. 
Furthermore, NF membranes are usually negatively-charged and as a result, ions 
which are more highly charged such as S042", are more rejected than monovalent ions 
such as Cl'. 
2.4.3: ULTRAFILTRATION (UF): 
The first UF facility for potable water treatment was inaugurated in 1988 in France. 
This facility had a design capacity of 160 m3/day. Today, facilities exceeding 100,000 
m3/day are being planned (Colas, 2002). 
This UF also comes in hollow fiber and spiral element configuration membrane, and it 
is used for separating molecular size compounds and colloids. As UF is dependent on 
the charge and size of the particle, it is not effective aeparating organic streams. It is 
thus used to separate a solution which contains some desirable and some undesirable 
components. The main advantage of using OF membranes is that they operate at very 
low pressures in the range of 0.5 -5 bar and are thus energy efficient. 
2.4.4: MICROFILTRATION (MF): 
A similar method to UF is MF which also uses a sieving method and operates with a 
similar trans-membrane pressure between 50 - 500 kPa (0.5 -5 bar). MF process is 
primarily used for the removal of suspended solids or bacteria in a solution and the 
16 
2. REVIEW OF DESALINATION METHODS 
reduction of turbidity. This is done with the aid of its very small pores (0.1 - 10 
microns), meaning the micro-organisms cannot penetrate them. 
2.5: MEMBRANE CONFIGURATION: 
Membrane separation processes is one of the leading technologies which has 
undergone rapid growth during the past few decades. Membrane configuration refers 
to the packing of the membrane in the module so that it can be installed in the system. 
The most common configurations are: 
" Plate and frame 
" Spirally wound 
" Hollow fine fibre 
" Tubular 
This research will concentrate on flat sheet configuration which is currently the main 
set up being used in the research of FO desalination. Plate and frame membranes are 
not commonly used for municipal water treatment but rather for certain waste or food 
processing applications where there is a high fouling tendency. Hollow Fibre and 
Spiral wound are the two most common membrane configurations and have distinctly 
differing designs which allow a high packing density of membrane per membrane 
module. Table 2.2 shows the differences between hollow fiber and spiral wound 
membrane (Source: KOCH Membrane System, 2005). 
Table 2.2: Advantages for HF and SW membrane configurations. 
Hollow Fibre-Capillary Spiral Wound 
" Very small diameter membrane (<1 mm). Is formed of a plate and frame sheet 
" Consists of a large number of membranes wrapped around a centre collection pipe. 
in a module and is self supporting. " Density is up to 3500 m2/m3. 
" Density is about 600 to 1200 m2/m3 (for Its diameter can be up to 40cm. 
capillary membrane) and up to 20000 " Feed flows axial on cylindrical module 
m2/m3 (hollow fibre). and permeate flow into the central pipe. 
" Size is smaller than other modules for " Features: 
given performance capacity. 1. high pressure durability 
" Process `inside-out': permeate is 2. compactness 
collected outside of membrane. 3. low permeate pressure drop and 
" Process `outside-in': permeate passes membrane contamination 
into membrane bore. 4. minimum concentration polarisation 
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2.5.1: HOLLOW FINE FIBRE: 
The hollow fibre configuration describes membranes which are cast as fine tubes or 
lumens. Hollow fibre membranes, which are porous cylindrical membranes, have 
been used in a various applications including filtration, contactors for solvent 
extraction, and dialysis, and are used in MF, UF and RO. 
The large surface area available in bundles of hollow fibre and shell and tube 
configuration in the modules make them attractive configurations for process scale 
up; however, their performance depends on the flow regime and distribution within 
these modules (Biagi, 2004). 
With the hollow fine fibre configuration, the feed can be applied to the inside or 
outside of the lumen. Figure 2.4 below shows hollow fibre membrane lumens and 
module configured in cross flow; (a) feed to inside of lumen; (b) feed to outside of 
lumen. 
Process 
Feed Flo 
Hallow 
er Membranes 
Figure 2.4: A diagram showing a hollow fibre configuration ' Source from KOCH Membrane System, 2005) 
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2.5.2: SPIRAL WOUND MODULE: 
Spirally wound modules are constructed from flat sheets of membrane which are 
stacked back to back on three sides forming an envelope around a porous support 
material. The open end of the membrane envelope is attached around a tube with 
holes which provide a route for permeate to flow out. The membrane is wound up 
around the centre tube to form a cylindrical element. 
Water that has passed through the membrane flows towards the centre tube through 
the porous support. The rolled up membrane leaves are separated by a mesh spacer, 
which also serves to promote turbulence in the feed channels. These membrane 
modules are chiefly designed for cross flow use, with the feed stream running mostly 
parallel to the membrane surface. Figure 2.5 below illustrates the SPW configuration. 
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Figure 2.5: A diagram showing a spiral wound configuration (Source: from Coulson & Richardson, volume 2) 
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2.5.3: COMPARISON BETWEEN HFF AND SPW MEMBRANES: 
Both membranes use similar energy requirement as both hollow fine fibre filtration 
and spiral wound process involve no phase change and thus require no latent heat. 
However, hollow fibre is a more flexible membrane than spiral wound, as it can carry 
out the filtration by 2 ways; either "inside-out" or "outside-in". However, although the 
permeability of the HFF membrane is less than that of the SPW membrane, the larger 
membrane area of the HFF as compared to SPW membrane allows the HFF 
membrane to use less energy for a given unit product. 
Membrane fouling of hollow fibre is more frequent than other membranes due to its 
configuration. Membrane fouling and wall concentration are reduced in spiral-wound 
membrane modules, as spacers are used to enhance wall shear stress and promote 
small scale turbulent mixing, known as eddy mixing (Schwinge, 2002). 
A test called the silt density index is used to measure the fouling of the RO 
membranes. For successful RO operation, pre-treatment of the water is required to 
achieve a silt density index of less than 4 for the HFF membranes and less than 5 for 
the SPW (Isaias, 2001). 
HF is a new technology and so far, research done on it is considerably less when 
compared to other types of membrane. Although HFF has a low operating cost, it is 
more expensive to assemble than other membranes due to its fabrication method. 
SPW technology has been around for years and using the latest state of the art 
technology, can produce high quality potable water from seawater (Polasek, 2003). 
SPW is a less expensive membrane separation module and is becoming used more in 
industry. The conversion from hollow fibre to SPW technology can be seen in 
desalination plants worldwide (Polasek, 2003). 
The main advantages of the HFF configuration over the SPW is that it has a higher 
packing density (up to 20000 m2/m3) compared to SPW (up to 3500 m2/m3). SPW 
membranes are however easier to clean and have a higher resistance to fouling (Biagi, 
2004). 
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2.6: FOULING AND CONCENTRATION POLARIZATION 
Fouling is a major problem in all membrane applications. The extent to which the 
membrane fouls depends on the type of membrane and the concentration of 
contaminants in the feed water. Several studies have proposed methods to reduce 
fouling of NF membranes, it is still a major factor in using NF membranes in 
desalination (Hilal, 2004). 
Pre-treatment processes are needed to remove substances that would interfere with the 
desalting process. Algae and bacteria can grow in both RO and distillation plants, so a 
biocide (usually less than I mg/l chlorine) is required to clean the system. Some RO 
membranes cannot tolerate chlorine, so dechlorination techniques are required. Ozone 
or ultraviolet light may also be used to remove marine organisms. If ozone is used, it 
must be removed with chemicals before reaching the membranes. 
In pressure-driven liquid-phase membrane separation processes, such as RO and NF, 
solutes and particles in the feed solution are transported with the solvent to the 
membrane surface. The accumulation of solutes and particles close to the membrane 
is known as concentration polarization (CP). 
RO membranes are designed to have a thin, dense, separating layer called the active 
layer, which is supported by multiple porous layers. The purpose of the active layer is 
to reject the salts while the function of the supporting layer is to provide mechanical 
stability to the membrane during the pressure-driven water flow. The salt rejection 
takes place near the membrane surface where a region of increased salt concentration 
forms; this is known as concentrative ECP. ECP near the surface can be reduced by 
altering the hydrodynamic conditions around the membrane. The proposed techniques 
include increasing the cross flow rate, looking at turbulent promoters, impulse 
methods and agitating methods. Possible alternatives to reducing the CP are gas 
sparging techniques, flow reversal or mechanical methods (Pane, 2005). 
Internal concentration polarization (ICP) occurs exclusively in FO on the draw side of 
the membrane, severely reducing the driving force of the DS. Dilutive ICP occurs in 
the membrane porous substructure, and for this reason cannot be mitigated by altering 
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hydrodynamic conditions. Dilutive ICP reduces the osmotic pressure of the DS and 
thus reduces its effective driving force. The earliest FO studies identified ICP as a key 
performance-limiting phenomenon, capable of reducing water flux by more than 80%. 
(Mehta, 1979). The effect of ICP on the performance of FO can be observed by 
placing the DS against the active layer of the membrane and using deionized water 
feed solution. This will eliminate the effect of ICP (McCutcheon [2], 2006). 
The reduction of concentration polarization is vital in any osmotic driven membrane 
process as this will reduce the effect of fouling. As the effect of CP is minimised, an 
improvement in mass transfer can be expected. CP only takes place on the membrane 
surface while a process is in motion. Once the process is stopped, and the flux is 
reduced to zero, the concentration close to the surface drops back to that in the bulk 
solution. This could be the result of back diffusion of the solutes due to high 
concentration gradient and due to natural osmosis of the solvent (usually water) which 
will pass from the permeate side to the feed side (back flow). Although concentration 
polarisation is thus considered a reversible process, some cases show deposition of 
species is irreversible and this results in fouling the membrane surfaces (Modise, 
2005). 
Figure 2.6 illustrates the osmotic driving force profiles for osmosis through several 
membrane types and orientations, incorporating both internal and external 
concentration polarization. Figure (a) shows a symmetric membrane, in which the 
profile illustrates concentrative and dilutive ECP. This membrane does not 
demonstrate ICP, however dense symmetric membranes are not presently used for 
osmotic processes and therefore, the usefulness of this particular flux model is 
limited. Figure (b) shows an asymmetric membrane with the dense active layer 
against the draw solution; this profile illustrates concentrative ICP and dilutive ECP. 
Figure (c) is similar to the set up used in the present research. The asymmetric 
membrane has its porous support layer against the DS giving rise to dilutive ICP and 
concentrative ECP. 
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As the proposed FO desalination process is not reliant on mechanical pressure, 
suspended particles are not forced into the membrane pores, thus any fouling at the 
FO step should be reversible. It is also expected in the FO step that membrane 
compaction effect due to high pressure which results in reducing the flux, would be 
minimal as compared to a conventional RO process (McCutcheon [1], 2006). 
Backwash may be enough to remove the deposited particles; allowing Clean In Place 
(CIP) online operation. This would obviously depend on the type of the fouling, but it 
may be true with non biological fouling. It is also the aim to produce DS's that create 
minimal fouling or scaling at the second stage of the NF separation step. 
In the proposed process, the CIP of the FO unit could be done in a number of ways. 
By either replacing the draw solution by pure water or reducing the DS concentration, 
such that water will pass in the opposite direction and thus clean the membrane. 
Alternatively, similar results could be achieved by increasing the salt concentration in 
the feed solution, either by fluctuating the operating pressure (increasing and reducing 
the pressure) or by using salt dissolve shocks to allow water to back diffuse from the 
DS side to the feed solution side (Liberman and Liberman, 2005). 
The effect of both dilutive and concentrative ECP will not be a significant 
contribution to the current research as the distance between the membrane and support 
structure is very small that the particles will be washed away at high velocities. 
2.7: DESALINATION COST 
It is difficult to make a straight forward comparison given that all desalination 
methods can use some combination of energy sources and can be designed for 
different levels of energy efficiency. However, it is obvious that a number of technical 
and economic factors determine the cost of desalting. The major factors are capital 
costs and operating & maintenance costs. These two categories are inter-reliant; that 
is, if one increases, the other usually decreases (Khan, 1986). 
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For desalination of seawater, RO has a clear economic advantage over MSF. It is 
accepted that seawater using RO can be desalinated for about $0.50/m3, compared to 
somewhere in the range of $0.8/m3 for MSF (NRC Roadmap, 2004). 
In order to see how to reduce the cost of desalination, it is vital to see what factors 
contribute to the costs and how it can be reduced. Figure 2.7 shows an approximate 
breakdown of the fixed costs for a RO plant as outlined by Pittner (1993). It can be 
seen that the majority of the cost is from electric power and fixed charges, thus energy 
recovery schemes are important to seawater RO plant, since reducing the energy 
consumption can have a major impact on the overall water cost. However, 
implantation of energy recovery systems adds up to 30% to the capital cost. 
The energy used in all desalination processes is primarily electricity and heat. Energy 
requirements for desalination plants depend on numerous variables, which include the 
salinity and temperature of the feed water, the quality of the feed and product water, 
and the desalting technology used. 
Membrane 
Replacement 
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Figure 2.7: Cost Breakdown for RO desalination of seawater, source: Pittner (1993) 
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The factors contributing to the cost of desalinating seawater by MED are shown in 
figure 2.8. The data was taken from a plant for the Metropolitan water district of 
Southern California and adapted from Semiat (2000) and Dean (1995). 
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Figure 2.8: Cost breakdown (design costs) for MED desalination of seawater, source : www. idswater. com 
As can be seen from figure 2.8, the two biggest factors in the total cost for the thermal 
process are capital investment (36% for the water plant and auxiliary turbine), and 
energy expenditures (27% for steam and electric power). 
The two main factors affecting the cost of desalination will be discussed in the 
subsequent sub-sections. These factors are: energy costs, and economies of scale. The 
salinity level of the feed water is an important factor which relates to concentration 
polarization as discussed in section 2.6. 
2.7.1: ENERGY COSTS 
About 40 to 75 percent of the operating costs for a desalination process will be found 
in the thermal or electric requirements (Mesa et al., 1996). For current state of the art 
seawater RO systems, the maximum optimistic reduction is 20%. This represents the 
RO process thermodynamic limit of 1.77 kWh/m3 using 50% recovery rate (NRC 
Roadmap, 2004). To obtain further reductions in energy, a different desalination 
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approach is recommended (NRC Roadmap, 2004). The current study describes a 
desalination process which is based on FO and represents an innovative modification 
of the existing desalination techniques. It is predicted to achieve substantial benefits 
in reducing both capital and operating costs in excess of these limits over a much 
shorter period of time, as well as a large increase in water purification efficiency 
(Sharif and A1-Mayahi, 2005). 
With RO, increasing recovery rate increases permeate and therefore increases the 
energy consumption. However, with FO the higher recovery rate could be achieved by 
increasing the osmotic potential of the DS. In the conventional RO process the higher 
recovery rate could result in higher concentration polarisation effect which would 
results in reducing the flux across the membrane. Since the FO is a mechanically 
energy free process, the recovery rate will only influence the required pre-treatment, 
thus a more restrictive pre-treatment is required for higher recovery rate to avoid 
problems of scaling and fouling. 
NF membranes will be used in the secondary part of the process or in separating the 
osmotic agent from the water. NF membranes can remove turbidity, microorganisms 
and hardness, as well as a fraction of the dissolved salts. The osmotic agent used in 
this process has large ions and these can be retained using NF membranes. Thus, the 
benefit of using NF in this part of the process is the higher permeability which will 
allow a much more energy-efficient process (Hilal, 2004; Sharif and Al-Mayahi, 
2005). Over 90% of water can be recovered through NF which is 5-10 times higher 
than RO for similar operating pressures (Hilal, 2004). Similar to conventional RO 
process, the hydraulic pressure of the NF concentrate could be utilized through an 
energy recovery system to raise the pressure of the feed flow rate, which will in turn 
reduce the electrical energy consumption of the high pressure pump. 
2.7.2: ECONOMIES OF SCALE 
A major disadvantage with reverse osmosis lies in the concept of economies of scale. 
Economies of scale refers to a situation where there is a decrease per unit cost as the 
output increases. In a desalination perspective, this arises when an increase in the 
plant size decreases the average total costs. Economies of size are evident in all 
desalination processes, but to different extents. The distillation processes benefit most 
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from economies of scale, while for RO such economies of scale lead to a fall in unit 
costs at a lower rate (Morin, 1999). RO can see modest economies of scale take place 
by using larger process trains or pumps leading to optimisation, because RO is a 
modular process, i. e. the number of units (e. g. membrane elements, pumps, valves, 
etc. ) increases as the plant capacity increases. This will slightly reduce the operating 
costs but show almost no economies of scale for capital costs. 
The energy required for desalination can represent 50-75% of operating costs, with 
RO having significantly lower energy demand compared to MSF, however this is still 
a very significant contribution to the operating costs of RO. Although economies of 
scale is not one of RO's main advantages, RO has lower unit water costs due to lower 
energy demands, making it the most economical of all the desalination methods 
(Azpitarte, 1996). Although RO has higher investment costs, the unit cost of desalted 
water is determined by membrane life and energy cost which is lower for RO 
(Ammerlaan, 1982). 
In order to determine the extent that economies of scale may have on the desalination 
system, the capital costs of the various components used is looked at. Economies of 
scale will depend on the cost vs. capacity relationship for each component and how 
they are assembled. The proposed Manipulated Osmosis Desalination (MOD) process 
involves two stages, a FO stage followed by a RO-NF stage. Since the FO stage is a 
non-pressurized process, designed with lighter, compact and less expensive materials, 
this will translate in savings in both capital and operating costs. 
The pumps, pipes and valves in the RO and FO plants, which together can account for 
approximately 50% of the system's capital costs, show economies of scale. This 
implies a substantial opportunity for improving the economies of scale of membrane 
facilities, thereby extending the range for which the plant is cost effective. 
In the MOD process, economy of scale will become further noticeable, as larger 
arrays of membranes will share pumps, monitoring equipment, and cleaning facilities. 
Furthermore, the operating costs strongly influence the overall cost-effectiveness of 
membrane systems. Periodic replacement of membranes is an important component of 
the operating cost component. 
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3. CRTITICAL REVIEW - PREVIOUS WORK ON FO 
During the past 40 years, numerous attempts to apply forward osmosis as a method of 
desalting saline water have been documented. Most previous literature on the 
application in desalination and water treatment is in patent form, until very recently, 
when the first technical papers appeared (Cath et al. 2005). These methods looked at 
the generating of an osmotic pressure difference across a semi-permeable membrane 
by using a DS at the permeate side. This resulted in an osmotic pressure difference 
which induces the transport of water through the membrane from the feed side to the 
permeate side. A range of methods to create the osmotic pressure difference have 
been attempted. Below is a summary of some significant previous FO efforts for 
desalination. The information offered in these papers is vague and mostly presented as 
patents with limited technical details of performance and rarely do they quantify their 
results. 
A process described by Batchelder (1965) added sulphur dioxide, or similar volatile 
solutes, to either freshwater or seawater. This mixture created a solution which is used 
in FO to extract water from seawater using a cellulosic membrane. The volatile solute 
is separated by heating and/or air stripping once the DS has sufficiently diluted. The 
patent is however quantitatively vague, and only revealed that a positive water flux 
took place in the experiments and thus, the salt rejection or water flux were not 
revealed. 
Glew (1965) continued on this idea by describing a technique which was the first to 
suggest the removal and recycle of the DS in the overall process. This method 
continued looking at FO, using a similar mixture of water and another fluid, such as 
sulphur dioxide. It is anticipated that the mixture of the water and fluid will lower the 
ionic mobility of the solution to allow a net flow of potable water to be absorbed from 
the seawater. The miscible solid or liquid will be removed from the fresh water by 
conventional means. This patent does not include any quantitative results and merely 
discusses another FO desalination technique which was not proven. 
Our study uses an initially similar approach to the patents submitted by Batchelder 
(1965) and Glew (1965). A major difference between both of the previously 
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mentioned studies and the present research is that the present research will use a DS 
made up of an OA and fresh water, whereas Batchelder (1965) and Glew (1965) 
looked at adding the fluid, which is the centre of their research, to the seawater to 
create their DS. Further differences lie in the next step in which the potable water is 
extracted. Batchelder (1965) and Glew (1965) then separate the water from the 
miscible fluid by heating and/or stripping which is a much more energy consuming 
process than the NF method in the MOD process. The OA used in the present research 
will be large enough to be retained by the NF membrane whereas the only way to 
separate the permeate in the research conducted by Batchelder (1965) and Glew 
(1965) is by a higher energy consuming separation process. It is noticeable that 
neither patent discloses the OA which will be used, and thus the proposition is only 
theoretical and was not proven experimentally. 
Similar to the previous techniques, Kravath (1975) describes a FO method of 
desalinating seawater across a cellulose acetate membrane. This method however 
looked at two situations. The first technique looked at glucose being used as the draw 
solute and seawater as the feed, and another method in which glucose was dissolved 
in the seawater and this mixture being used as the DS. One of the purposes of this 
method was for it to be used in emergency lifeboats where drinkable water for those 
onboard was scarce and crucial. Seawater mixed with glucose would be passed into 
one side of the dialysis unit. Fresh seawater would be passed into the other side of the 
dialysis unit causing forward osmosis to take place. The fresh seawater will become 
dilute as water will pass from the less concentrated to the more concentrated side, in 
this case, water will pass from the seawater side to the glucose and seawater mixture. 
Thus, the salinity of the seawater will be reduced to a level where intake would be 
acceptable for short term consumption. The theory behind this method was original 
and promising; however the salt rejection was not too high using the proposed flat 
sheet cellulose acetate membranes. Although results improved when hollow fibre 
membranes were used, it remained difficult to analyse the results as the draw solute 
removal was not taken into account because the solute will be ingested. 
This theory by Kravath (1975), of using a sugar solution as the DS is tried and tested 
and was used in our initial research to determine that the membrane used was 
allowing water through and that FO was taking place. The flux that was generated 
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with the sugar solution as the DS was minimal compared to the flux that was 
desired, 
and thus other draw solutions will be investigated within the present research. 
Stache (1989) followed on Kravath's idea by describing a batch process to produce a 
nourishing drink by desalinating seawater. A concentrated fructose solution is used as 
it is highly soluble and generates a high osmotic pressure. This technique is done by 
placing the solution in a semi-permeable membrane bag and submerging it 
in 
seawater. Water diffuses from low to high concentration, and in this case into the 
concentrated fructose DS until it is suitably dilute. This process is similar to our initial 
experiments with a sugar solution to test the membrane. Where our study will go 
further into separating the OA from the fresh water, Stache (1989) was happy to stop 
before this stage, and produce the nourishing drink of a dilute fructose solution. 
Similar to Kravath (1975), separation of the solute was not required as the solute will 
be ingested, thus a defined conclusion of this method cannot be established. 
Yaeli (1992) continued the idea of using sugar as a DS, however this time it was as a 
continuous process, with the idea of combining FO and low pressure RO. This 
process uses similar principles to those used in the present research project. Similar to 
Kravath, Yaeli used a concentrated sucrose solution as the DS. By FO, water will be 
extracted from the seawater into the sugar solution diluting the sugar solution. Due to 
the large size of the sucrose molecules, the sucrose solution can be separated from the 
potable water by a low pressure RO membrane. The benefit of this continuous process 
is the ability to reuse the concentrated sucrose solution as a feed in the FO membrane 
module. Due to the relatively low osmotic pressure and solubility of sucrose, the 
recovery rate in this process is restricted. Furthermore, as this process will use a low 
pressure RO membrane, the specific energy consumption (SEC) will be greater than 
that which our research aims for, since SEC is high at low recovery rate. 
Most recently, (McCutcheon [1], 2006) from Yale University described a forward 
osmosis process which uses a combination of thermal and electrical energy to separate 
fresh water from saline water. The salt water sits on one side of the membrane while 
freshwater on the opposite side is transformed into a high-concentration solution by 
adding NH3 and CO2. Similar to our work and that of previous researchers, water will 
naturally pass from the salt water to the DS, due to osmosis. The diluted DS is then 
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heated to around 58 °C to evaporate off the CO2 and NH3 for reuse, leaving behind 
freshwater. The principle behind this method is similar to that which is adopted in our 
research; however McCutcheon has some issues that need further investigation. The 
process must remove 99.9% of the NH3 used in the FO process, because drinking 
water should contain less than 2 mg NH3/1. Furthermore, the researchers have yet to 
evaluate the performance of their pilot-scale distillation column which will separate 
the draw solutes from the drinking water. This energy requirements was however 
calculated using HYSIS (McGinnis, 2007), and it was concluded that the feed water 
recoveries using this method are higher than other desalination methods, and the total 
equivalent work requirements of the FO process are significantly less. 
Since 1998, Osmotek, Inc., of Corvallis, Oregon has used FO in the treatment of 
Leachate. Leachate is the liquid produced in a landfill from the decomposition of 
waste within the landfill. It is composed of water, and organic and inorganic 
chemicals from the decomposition of waste. Leachate is a fouling stream and its 
composition varies over time, making it well suited for treatment by FO as it produces 
higher concentrations and lower volumes of concentrate than other membrane 
techniques. The system filters water, leaving behind the leachate, which can be 
solidified into a substance that will not seep into water. 
Cath et al. (2005) has recently used and evaluated a direct osmosis concentration 
process as a pre-treatment for RO process for wastewater reclamation and reuse for 
NASA's future space missions. The direct osmosis approach presented major 
advantages over conventional pre-treatment techniques. Osmotek produced a similar 
system that purifies efficiently, is relatively light and consumes little electricity. It 
uses a similar FO technology for NASA to extract water from a waste product. The 
system produced for NASA greatly assists their space missions, as the cost of each 
kilogram aboard the space station is very expensive. 
FO has also been used to concentrate fruit juices, which reduces the storage and 
shipping costs and achieves longer storage. Until recently, multi-stage vacuum 
evaporation was used to concentrate fruit juices but this caused loss of fresh fruit 
flavours and colour degradation. Jiao (2003) used FO, in which fruit juices were 
concentrated at low temperatures and pressures giving an original flavour and keeping 
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the natural colour. Saturated brine, which acted as the OA, had an osmotic pressure 
greater than that of the concentrated fruit juice which establishes an osmotic pressure 
gradient removing water from the fruit juice. 
Determining the effect of ICP and ECP in FO processes has had increased attention 
within recent research. The effect of various DS's on concentration polarization was 
examined and membrane orientation was shown to have a significant impact on water 
quality and quantity produced (Gray, 2006). 
Recently, (Sharif and Al-Mayahi 2005) expanded the idea of FO assisted desalination 
to generate hydraulic power. Fresh water will flow from the seawater to the highly 
concentrated DS. This will increase the hydrostatic pressure on the seawater side of 
the membrane, which may be used to drive other parts of the system, including 
turbines or pumps. To ensure that this process continues, the diluted seawater is 
replenished periodically or continuously with fresh seawater. The patent showed that 
various membranes can be used for this process and that the process was not restricted 
to a single type of membrane. The patent states that once the fresh water will pass into 
the highly concentrated osmotic solution, it is possible to separate the water from this 
solution by a NF separation step to regenerate the OA and produce the clean water. 
This water can be used for agricultural, industrial or domestic purposes, while the 
highly concentrated osmotic agent solution is returned to the osmotic cell for re-use. 
Figure 2.6 in section 2 shows that the highest percentage of the total energy cost in 
RO accounts for electric power and figure 2.7 shows that a high percentage of the 
total energy in the thermal desalination method is fuel cost of steam. This MOD 
method will reduce the total cost of desalination as FO is a natural process that 
requires no external driving force. 
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4. MANIPULATED OSMOSIS APPROACH 
The manipulated forward osmosis approach is a relatively new process which is based 
on the manipulation of the osmotic potential between two solutions to allow pure 
water to diffuse in the preferred direction. This approach differs from previous 
techniques in the ability to use tailor-made (and selected) osmotic agents. These OA's 
will give the highest separation and operational efficiencies using a membrane 
separation method in comparison with conventional RO process. This will make the 
process more energy efficient, environmentally friendly and economically viable. 
Section 4.1 will give a description of the manipulated forward osmosis process while 
section 4.2 will justify why MgSO4 was used as the OA. 
4.1: PROCESS DESCRIPTION: 
A novel application of osmosis science and technology that could replace the 
conventional RO process with a direct (forward) osmosis process that naturally drives 
out the fresh water from a concentrated salt solution by manipulating the osmotic 
energy potential through innovative use of an OA has been developed at the 
University of Surrey (Sharif and Al-Mayahi, 2005). The diluted osmotic agent 
solution could be further treated by a suitable separation method, where the osmotic 
agents are regenerated and pure water is produced. Figure 4.1 represents the process 
flow diagram (PFD) illustrating this principle of the MOD approach. 
From figure 4.1, it can be seen that highly saline seawater is pumped at low pressure 
through a membrane system optimised for osmosis. Water containing an osmotic 
agent(s) is circulated across the other side of the membrane causing an osmotic 
pressure greater than that of the feed. As water passes naturally from lower to higher 
solute concentrations, it causes water to diffuse through the membrane into the DS. 
Optimising the performance of this osmotic cell is the focus of this research. This 
draw solution is then passed through a second RO membrane unit to regenerate the 
OA using NF membranes, and clean water is extracted for use, while the OA is 
recycled to be used again. 
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4. MANIPULATED OSMOSIS APPROACH 
In the RO process, water is driven through a membrane by hydraulic pressure, which 
is necessary to overcome the natural tendency of water to move from a less 
concentrated solution (fresh water permeate) to a more concentrated solution. In the 
FO process, water moves naturally, from the relatively dilute seawater solution into 
the DS. 
4.1.1: PRIMARY LOOP (BLUE): 
The primary loop is driven by a centrifugal pump P3, which has a variable drive. The 
temperature of the feed can be manipulated through the tubular cooler HX3. The 
formulation tank T3 acts as the feed and recirculation tank as required. 
4.1.2: SECONDARY LOOP (GREEN): 
The secondary loop consists of two sections. 
Section 1: 
The purpose of section 1 of the secondary loop is to feed the DS from the recycle tank 
T1 via a heat exchanger (HX1), where the solution can be heated to up to 80 °C, into 
the DS of the osmotic cell. The solution leaves the downstream side of the osmotic 
cell via another heat exchanger (HX2), where the solution can be cooled to the 
desirable temperature before passing into the feed tank T2. 
Section 2: 
The purpose of section 2 of the secondary loop is to feed the diluted DS from the feed 
tank T2 to the RO unit fitted with NF membranes. This membrane concentrates the 
stream producing two output streams, concentrate and permeate. The concentrate 
leaves the downstream side of the NF housing into the recycle tank Ti. 
4.2: MgSO4 AS THE DRAW SOLUTION 
Over the years, several solutions have been considered for use as a DS. The main aim 
is to use a DS which has a high osmotic pressure, high solubility in water, a high 
osmotic efficiency and has a relatively high molecular weight for easier separation in 
the latter stages. Furthermore, the draw solution must be non corrosive and should not 
be harmful to the human body either by direct contact or when the clean water is 
consumed. Figure 4.2 shows the osmotic pressure of MgSO4 as compared to NaCl and 
MgCl2. The osmotic pressures were calculated using OLI stream analyzer 2.0 (OLI 
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Systems Inc., Morris Plains, NJ, 2005) and are presented as a function of molarity. 
OLI stream analyzer bases its thermodynamic modeling on published experimental 
data to calculate the properties of solutions at different variables. 
Highly charged ions such as S042- are more highly rejected than monovalent ions 
such as Cl- by a negatively-charged NF membrane. This will be vital in the next stage 
of the MOD involving the NF process. A larger and highly charged DS can be 
separated easier and less expensively to yield potable water, without being consumed 
in the process. 
Previously, NaCl has been used as a DS because of its high solubility and relative 
ease to regenerate to a high concentration by RO without the risk of scaling (Cath, 
2006). Furthermore, NaCl is not considered a hazardous material when in contact with 
the human body. NaCI has a relatively low molecular weight (MWNaci: 58.4) and thus 
poses difficulty when separating the molecules from the clean water. MgC12 
(MWMgc12 : 95.2) also has a higher osmotic pressure and lower molecular weight as 
compared to MgSO4 (MWMgsU 4: 120.4), however the side effects of using it as a DS 
are extreme. MgC12 is a highly corrosive solution and as well as being an irritant to 
the eye and skin. For this reason other osmotic agents are constantly being tested. 
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Figure 4.2: Molar concentration vs. Osmotic Pressure of solutions at 25°C for various potential draw 
solutions. Data were calculated using OLI stream analyzer 2.0. 
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5. EXPERIMENTAL METHODS 
Section 5.1 focuses on the four osmosis cells which were used during this research. 
Section 5.2 discusses the experimental procedure that takes place from the start to 
finish of each experiment in flat bed cell III using MgSO4 as the OA. Finally, in 
section 5.3, details of the various methods of analysis used in determining the 
concentrations of magnesium and chloride of each experiment will be discussed. 
5.1: FORWARD OSMOSIS CELLS 
In this section, a detailed description of all four osmosis cells used in this research 
will be looked at. The tubular set up and the flat bed cell I was used for glucose as the 
OA, with the main purpose to establish that the membrane which was readily 
available was suitable for our research objectives. Flat bed cell III was the setup used 
for the primary purpose of this research, in which MgSO4 as the OA of the DS was 
used. 
In all experiments, the DS (OA solution) is placed against the membrane support layer 
while the feed (deionized water or a solution containing NaCl) in placed against the 
active layer. Furthermore, all experiments were carried out in a recycle manner. That 
is, the DS is pumped from the DS beaker to the DS chamber of the cell and back to 
the DS beaker whereas the feed is pumped from the feed beaker to the feed chamber 
of the cell and back to the feed beaker. 1 litre of DS and 1 litre of feed are prepared at 
the start of each experiment. Further details of the cost of running experiments 
involving MgSO4 in a non-recycle process will be discussed in section 5.2.3. 
5.1.1 TUBULAR SETUP FORWARD OSMOSIS CELL: 
The tubular set up which can be seen in figures 5.1 and 5.2 was used primarily to 
determine that the initial set up permitted osmosis to take place. The experiments 
include the use of glucose as the OA in a co-current flow system using a RO type 
membrane with equal pressures on both sides of the membrane. These tests 
investigated whether the membrane used was suitable for further FO tests while 
varying temperature, flow rates across the membrane as well as varying the 
membrane itself. 
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The outer structure of the set up was constructed from Poly Vinyl Chloride 
Unplasticised material (PVC-U). It is an odourless and tasteless material which makes 
it ideal for transporting drinking water. This material was used for the outer structure 
based on several factors, most notably the fact that is the cheapest material for frames, 
easy to cut to any required shape or size, and compatibility with other materials used 
to seal water leakage. However, it has also excellent heat insulation properties; is very 
durable and is also effective at reducing noise and draughts. Its chemical resistance is 
high and combined with its smooth bore, there is virtually no build up of scale or 
residue and thus gives very good flow characteristics. 
The membrane support is made of Neoprene from DuPont. Neoprene is a synthetic 
rubber based on polychloroprene which performs well in contact with oils and many 
chemicals and can operate over a wide range of temperatures. Neoprene is known for 
its physical toughness and excellent resistance to damage caused by flexing and 
twisting. Finally, an important reason for choosing Neoprene for the membrane 
support is due to its chemical inertness which makes it well suited for our 
applications. 
'! Io, - 
Figure 5.1: The complete set up of the 
tubular forward osmosis rig. 
Figure 5.2: Lateral View of the bolts 
holding the membrane in place. 
39 
5. EXPERIMENTAL METHODS 
Glucose solution 
--------------- 
"---------. 
---------------- 
Less concentrated 
Glucose solution 
Feed water 
:$ ------------------- 
r-----------1 
n 1 
` ý 
1 
1 
f 1 
{. 
1 
1 
y 
, 
1.1 
----------- -- 
Membrane 
Water outlet 
Figure 5.3: Diagram of the tubular forward osmosis rig. This shows that both the deionized water and 
the glucose solution are taken from the bottom of the system in a continuous recycle process. 
As can be seen from figure 5.3, in this tubular setup, deionized water and glucose are 
pumped from the top side of the system each on separate sides of the membrane. 
Water will flow from low to high concentrations, and in this case, osmosis will take 
place to reduce the concentration of the glucose solution across the membrane. 
This set up however encountered some critical difficulties: 
9 Membranes in this set up encountered high stress and caused damages to the 
structure. 
" While the tube was filling up, air pockets would escalate to the top of the tube 
and this air was difficult to remove. 
" The membrane had a low surface area of 0.008m2 and thus this system 
provided a low permeate flow-rate. 
Due to the problems above with the tubular set up, it was deemed of best interest to 
construct a flat bed cell. 
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5.1.2: FLAT BED CELL I 
It was believed that the difficulties encountered with the tubular set up would be 
eradicated when a flat bed cell is used. Similar to the tubular set up, the structure is 
constructed from PVC-U and the membrane support from Neoprene. In this Flat bed 
setup, deionized water is pumped through the top side of the membrane while the DS, 
in this case glucose, is pumped through the bottom side of the membrane. Water will 
flow from low to high osmotic potential solution, and in this case, osmosis will take 
place to reduce the concentration of the glucose solution beneath the membrane. By 
placing water on the upper side of the membrane, it is assisting the FO process as the 
force of gravity will assist with osmosis. 
The deionized water is continuously pumped on the upper side of the membrane while 
glucose is pumped on the bottom side of the membrane, both entering from opposite 
sides of the membrane causing a counter current flow as demonstrated in figure 5.4. 
Figures 5.5 and 5.6 show the bench scale desalination rig. Figure 5.5 shows a cross 
section view of the membrane from the top (birdseye view of the membrane). The 
black material is a membrane support which allows the water and solution to pass 
between. Figure 5.6 shows the bench scale rig ready for experimental work. 
Figure 5.4: Diagram of the Flat Bed cell I. 
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From the results presented in Appendix A. 1, it can be seen that this set up also 
encountered problems due to pulsations in the system which caused tear in the 
membrane, as well as leaks from the system. Although this set up did serve its 
purpose to demonstrate that osmosis does take place using the membrane readily 
available, it was still flawed and further experiments with other OA's were not 
possible. 
5.1.3: FLAT BED CELL lI 
Further faults were discovered in flat bed cell I, which led to the construction of flat 
bed cell II, figure 5.7. The membrane support in the system aimed to prevent the 
pulsations that were seen in the previous cell. Metal rods were used for extra 
resistance to any expansion in the system and to further prevent membrane pulsations. 
The Outer structure was made from Polycarbonate, the toughest thermoplastic 
material available. This transparent material enables the viewing of the inside of the 
cell to detect any tear in the membrane as well as to remove any air pockets. The outer 
green gasket sheet is made from synthetic fibre jointing material which provides an 
excellent seal. Leaking was another major issue with the previous set up, thus with 
this flat bed cell II, there are over twice as many stainless steel bolts to prevent 
leaking. Finally, this cell has the greatest surface area of 0.101 m2, compared to 
0.08m2 for flat bed cell I and 0.008m2 for the tubular set up. 
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Figure 5.5: Image showing the membrane 
and membrane support of the flat bed 
cell 1. 
Figure 5.6: Image showing the flat bed cell I 
bench scale rig. 
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Although flat bed cell II overcame most of the difficulties experienced in previous set 
ups, it did not reduce the pulsations which effected the results obtained from this cell. 
The mechanical vibrations were caused by the lack of sufficient rigidity of the 
membrane support which resulted in inducing pulsating flow through the membrane. 
This effect is highly undesirable and was eliminated by improving the mechanical 
support structure of the experimental rig as seen in figures 5.8,5.9 and 5.10. 
5.1.4: FLAT BED CELL 111 
To eradicate the problem of the pulsations experienced in the flat bed cell 11, a similar 
system was constructed; however as can be seen from figure 5.10, a metal sieve was 
placed on both sides of the membrane to prevent the pulsations. This set up had all the 
previous benefits from the previous cell and did not pulsate during experimental runs, 
and thus this was the cell used Im all further experiments. 
Flat bed cell III was the vessel used for experiments in this research and whose results 
can be found in section 6. In all experiments, the DS (OA solution) is placed against 
the membrane active layer while the feed (deionized water or a solution containing 
NaCl) in placed against the support layer. This was done to most closely mimic the 
typical membrane desalination configuration where the feed is directed against the 
43 
Figure 5.7: Image showing the flat bed cell II bench scale ri`ý. 
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active layer. Similar to previous cells, flat bed cell III also adopted a recycle flow 
system rather than a batch process. 
Figure 5.8: Image showing flat bed cell Ill in 
operation. The beaker on the left is that of the 
OA solution and sits on a magnetic stirrer. The 
beaker on the right is that of the feed solution 
and sits on a scale to measure the decrease in 
weight of the feed solution. 
1; 
Figure 5.9: Image showing lateral view of 
the flat bed cell 111. To the right flows the 
draw solution, and to the left flows the feed 
solution, creating a counter current flow. 
Section 5.2 will further discuss the experimental procedures when using the flat bed 
cell III and MgSO4 as the DS. Section 6 will discuss the results and findings. 
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Figure 5.10: Image showing flat bed cell III with 
stainless steel mesh supporting the membrane. 
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5.2 EXPERIMENTAL PROCEDURE 
This section will demonstrate how experiments were carried out on the flat bed cell 
III. This will cover how the solutions are prepared and what variables are controlled. 
Section 5.2.3 will discuss the cost benefits of using a recycle system and Appendix G 
will give an account of the time taken to complete all experiments for this research. 
Net osmotic pressure is a function of the type and concentration of salts contained in 
the feed, and as salinity increases, so does osmotic pressure of the feed. Thus, the 
amount of DS driving pressure necessary to reverse the natural direction of osmotic 
flow is determined by the salinity of the feed. For this reason, the following feed 
salinity levels are investigated. 
1. Draw solution: MgSO4, Feed solution: Deionized water. 
2. Draw solution: MgSO4, Feed solution: 10,000 ppm NaCl. 
3. Draw solution: MgSO4, Feed solution: 40,000 ppm NaCl. 
For each of the varying feed salinity, the following variables were investigated: 
" Varying the concentration of the OA - MgSO4. Table 5.1 provides 
details of the OA used. 
" Membrane type used. Three flat sheet membranes are considered for 
this study all produced by Koch membrane Systems and were 
commercially available at the time of testing. The membranes are 
selected based on their differences in the product flux and salt 
rejection. Table 5.2 shows the manufacturer specification for the 
membranes used in the FO experiments including the rejection rate and 
GFD (Gallons per square foot per day) under specific test conditions. 
Two of these membranes (TFC-ULP and TFC-HR) were designed for 
use in RO. The other (TFC-SR2) was designed for NF landfill leachate 
dewatering and is a relatively loose membrane. Once the most 
favorable membrane was determined, experiments were conducted 
with this membrane type to investigate flow rate and temperature of 
both the feed and DS. (Results in section 6 show that the TFC-ULP 
RO membrane was most favorable) 
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" Flow across membrane of both DS and feed solution to be varied at 1 
litre / min, 2 litres / min and 3 litres / min. 
" Temperature of both DS and feed to be varied at 15°C, 25°C and 35°C. 
Tables 5.4,5.5 and 5.6 in sections 5.2.1.2,5.2.1.3 and 5.2.1.4 respectively, outline the 
programme of experiments conducted for the three feed solutions: Deionized water, 
10,000 ppm NaCI and 40,000 ppm NaCl. The instrumentation used is presented in 
table 5.3 together with the manufacturer, model number, reading range and accuracy. 
TABLE 5.1: Details of purity of osmotic agent - MgSO4 
Magnesium sulfate Fluka >_ 99.0% 
Cl: <_ 100 mg/kg Cu: : 5- 50 mg/kg Ni: < 50 mg/kg 
Ca: < 200 mg/kg Fe: :5 50 mg/kg Pb: < 50 mg/kg 
Cd: <_ 50 mg/kg K: < 200 mg/kg Zn: :5 50 mg/kg 
Co: < 50 mg/kg Na: < 100 mg/kg 
TABLE 5.2: Manufacturer specifications of membranes used in the FO experiments. 
Product Name Description Supplier Rejection GFD 
TFC-ULP Ultra low pressure RO membrane Koch 98.35% 27.8 
TFC-HR High rejection RO membrane Koch 99.50% 31.9 
TFC-SR2 Selective Rejection NF membrane Koch 99.50% 23.9 
TABLE 5.3: INS"I'RIJMI: NTATION AND SPECIFICATION. 
Instrument Manufacturer Model Range Accuracy 
Analytical balance Kern CB12KIN 0- 12 kg 1 
Heater Hydor Theo 200W 21 °C - 39°C n/a 
Immersion Cooler SBS Labscience TUR -1 Up to -20°C n/a 
Pump Totton pumps AD 4/90 0-3 litres / min n/a 
Pressure gauge Wika EN 837-1 0-6 bar 0.05 bar 
Ball valve Le is '/, BSP n/a n/a 
Stop watch 
Extech 
instruments 365510 0- 24 hours 
±3 sec / 
day 
Thermometer Fisher FB 68605 - 10°C to 110°C 0.1 °C 
Magnetic stirrer Thermolyne Cimarec 3 60 - 1200 RPM n/a 
Conductivity meter 
Windaus 
labortechnik 
Winlab Data 
line 0.1 s- 399.9 ms 0.5 % 
Ion selective electrode 
reader EDT instruments DR 359 Tx 0- 400 my 0.1 my 
Flow meter - Rotameter Key Instruments FR4500 0.8 -91/ min ± 3% 
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5.2.1: MgSO4 AS DRAW SOLUTION USING FLAT BED CELL III 
All experiments were carried out using flat bed cell III at constant equal pressure 
(pressure in the water side = pressure in DS side). MgSO4 was used as the DS and all 
experiments were carried out in a recycle manner. That is, The DS is pumped 
from 
the DS beaker to the DS chamber of the cell and back to the DS beaker whereas the 
feed is pumped from the feed beaker to the feed chamber of the cell and back to the 
feed beaker. Three feed solutions were used, deionized water in the first case, a 
solution containing 10,000 ppm NaCl to resemble brackish water, and thirdly a 
solution containing 40,000 ppm NaCl to resemble sea water. 1 litre of DS and 1 litre 
of feed are prepared at the start of each experiment. 
Temperatures before and during the 20 minute experimental runs were monitored 
manually by way of a thermometer and would be kept within ±1 Celsius of the 
desired temperature by way of heating or cooling. 
A magnetic stirrer was placed under the DS beaker to maintain complete mixing 
throughout the run. A scale was placed under the feed side at the start of the 
experiment and set to zero 15 seconds after the experiment begins. These 15 seconds 
at the start of each experiment allowed the entire cell and pipes to be filled. 
At the end of the 20 minutes and before the pumps were switched off, a sample was 
taken from each of the draw and feed solutions. Each sample was tested for the 
concentration of Mg+2 ions and in the case of NaCl being present in the feed solution; 
the DS was tested for concentration of Cl' ions to determine the membrane rejection 
rate. As water travelled from the feed to the DS, there was a decrease in weight in the 
feed side at the end of the experiment. The weight reduction from the feed side will 
solely be the water transferred to the DS and by knowing the density of water to be 
1000 kg/m3, every Iml of water transferred to the DS accounts for lg in weight. The 
flux was calculated by knowing the amount of water transferred across the membrane. 
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5.2.1.1: PREPARATION OF DRAW SOLUTION 
The concentrated solution on the permeate side of the membrane is the source of the 
driving force in the FO process. 
With experiments involving NaC1 as the feed solution, it was not possible to use a 
conductivity meter when determining the final MgSO4 concentration as the 
conductivity meter reading was that of both the sodium and magnesium ions. The 
concentration of MgSO4 was determined by EDTA titration while ion selective 
electrodes will be used to determine the concentration of NaCl. 
The OA used is MgSO4.7H2O. Water does not have an osmotic pressure, thus to 
determine the osmotic pressure of the DS, it is necessary to determine the amount of 
anhydrous MgSO4 present in the hydrated salt. It is vital to have a reference point in 
which the starting concentration of anhydrous MgSO4 can be constant when varying 
the feed concentrations. This reference point was of a known concentration produced 
at the beginning of each experiment by dissolving a known amount of hydrous salt in 
1 litre of deionized water. For example, to prepare a solution containing 250g/l of 
anhydrous salt, 511.6g of MgSO4.7H2O needs to be dissolved in 1 litre of deionized 
water. 
5.2.1.2: DEIONIZED WATER AS FEED 
MgS04 7H2O was used as the DS and deionized water as the feed. The deionized 
water used as a feed had a conductivity of 15±5 µs. The DS was prepared by 
dissolving a known amount of MgSO4.7H2O in deionized water. 
Table 5.4 shows the experimental programme adopted. For each experimental set, the 
concentration of the DS was reduced 25 fold from 2.076M to 0.083M. 
Experiment 1 examined the effect of varying the concentration of the DS on flux and 
water quality while keeping the temperatures and the flow of both sides across the 
membrane constant at 25°C and 3 litres / min respectively. Experiments 2 and 3 
examined what effect the DS concentration has on flux and water quality while 
varying the membrane type. Experiments 1,4,5,6, and 7 examined the effect of 
varying flow across both the draw and feed solutions. Experiments 1,8,9,10 and 11 
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examined the effect of varying the temperature of both the draw and feed solutions. 
Experiment 1 is a common reference point for all experimental runs shown in the 
table and thus was not repeated. Appendix B shows the tables of results. 
Table 5.4: Experimental programme for a teed of'deionized water. 
Draw Feed 
Concentration Flow Temp Concentration Flow Temp Membrane 
EXP Molar L/min °C L/min °C 
1 2.076M - 0.083M 3 25 Deionized Water 3 25 TFC-ULP 
2 2 076M - 0.083M 3 25 Deionized Water 3 25 TFC-HR 
3 2.076M - 0.083M 3 25 Deionized Water 3 25 TFC-SR2 
1 2.076M - 0.083M 3 25 Deionized Water 3 25 TFC-ULP 
4 2.076M -0 083M 2 25 Deionized Water 3 25 TFC-ULP 
5 2.076M - 0.083M 1 25 Deionized Water 3 25 TFC-ULP 
6 2.076M - 0.083M 3 25 Deionized Water 2 25 TFC-ULP 
7 2.076M -0 083M 3 25 Deionized Water 1 25 TFC-ULP 
8 2.076M - 0.083M 3 15 Deionized Water 3 25 TFC-ULP 
1 2.076M - 0.083M 3 25 Deionized Water 3 25 TFC-ULP 
9 2.076M - 0.083M 3 35 Deionized Water 3 25 TFC-ULP 
10 2.076M - 0.083M 3 25 Deionized Water 3 15 TFC-ULP 
11 2.076M - 0.083M 3 25 Deionized Water 3 35 TFC-ULP 
5.2.1.3: 10.000 ppm NaCl AS FEED 
MgSO4 71120 was used as the DS and 10,000 ppm NaCl as the feed. The feed was 
prepared by dissolving 10 grams of NaCI in deionized water to make aI litre solution. 
The DS was prepared by dissolving a known amount of MgSO4.71120 in deionized 
water. 
Table 5.5 shows the experimental programme adopted when using 10,000 ppm NaCI 
as the feed. The table is similar to table 5.4 however for each experimental set; the 
concentration of the DS was reduced 20 fold from 2.076M to 0.498M. Once the 
Molar concentration of the DS falls below this, the net osmotic pressure between the 
DS and the feed solution is minimal and thus the flux of water from the feed to the DS 
is almost negligible. 
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Table 5.5: Experimental programme for a feed containing 10,000 ppm NaCl. 
Draw Feed 
Concentration Flow Temp Concentration Flow Temp Membrane 
EXP Molar L/min °C PPM L/min C 
12 2.076M - 0.498M 3 25 10,000 m NaCI 3 25 TFC-ULP 
13 2.076M - 0.498M 3 25 10,000 pm NaCl 3 25 TFC-HR 
14 2.076M 0.498M 3 25 10,000 m NaCl 3 25 TFC-SR2 
12 2.076M - 0.498M 3 25 10,000 m NaCI 3 25 TFC-ULP 
15 2.076M - 0.498M 2 25 10,000 m NaCI 3 25 TFC-ULP 
16 2.076M - 0.498M 1 25 10,000 m NaCI 3 25 TFC-ULP 
17 2.076M - 0.498M 3 25 10,000 m NaCI 2 25 TFC-ULP 
18 2.076M - 0.498M 3 25 10,000 m NaCI 1 25 TFC-ULP 
19 2.076M - 0.498M 3 15 10,000 pm NaCl 3 25 TFC-ULP 
12 2.076M - 0.498M 3 25 10,000 m NaCI 3 25 TFC-ULP 
20 2.076M - 0.498M 3 35 10,000 m NaCl 3 25 TFC-ULP 
21 2.076M - 0.498M 3 25 10,000 m NaCl 3 15 TFC-ULP 
22 2.076M - 0.498M 3 25 10,000 m NaCl 3 35 TFC-ULP 
5.2.1.4: 40,000 ppm NaCl AS FEED 
MgSO4 7H2O was used as the DS and 40,000 ppm NaCl as the feed. The feed is 
prepared by dissolving 40 grams of NaCI in deionized water to make a1 litre solution. 
The DS was prepared by dissolving a known amount of MgSO4.7H2O in deionized 
water. Table 5.6 shows the experimental programme adopted when using 40,000 ppm 
NaCI as the feed. 
Table 5.6: Experimental programme for a f'ecd containing 40,000 ppm NaCl. 
Draw Feed 
Concentration Flow Temp Concentration Flow Temp Membrane 
EXP Molar L/min °C PPM L/min °C 
23 2.076M -1.744M 3 25 40,000 m NaCI 3 25 TFC-ULP 
24 2.076M-1144M 3 25 40,000 ppm NaCl 3 25 TFC-HR 
25 2.076M - 1.744M 3 25 40,000 m NaCI 3 25 TFC-SR2 
23 2.076M - 1.744M 3 25 40,000 m NaCI 3 25 TFC-ULP 
26 2.076M - 1.744M 2 25 40,000 ppm NaCI 3 25 TFC-ULP 
27 2.076M - 1.744M 1 
_ 25 40,000 m NaCl 3 25 TFC-ULP 
28 2.076M - 1.744M 3 25 40,000 m NaCl 2 25 TFC-ULP 
29 2.076M - 1.744M 3 25 40,000 m NaCl 1 25 TFC-ULP 
30 2.076M - 1.744M 3 15 40,000 m NaCI 3 25 TFC-ULP 
23 2.076M -1_744M 3 25 40,000 m NaCI 3 25 TFC-ULP 
31 2.076M - 1.744M 3 35 40,000 m NaCl 3 25 TFC-ULP 
32 2.076M - 1.744M 3 25 40,000 m NaCI 3 15 TFC-ULP 
33 2.076M - 1.744M 3 25 40,000 m NaCl 3 35 TFC-ULP 
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The table is similar to table 5.4 and 5.5, however for each experimental set, the 
concentration of the DS was reduced 5 fold from 2.076M to 1.744M. Once the molar 
concentration of the DS falls below this, the net osmotic pressure between the DS and 
the feed solution is minimal and thus the flux of water from the feed to the DS is 
almost zero. 
Appendix G gives a detailed account of the time taken to complete each experimental 
set, as well as the total time taken to complete all experiments in this research. 
5.2.2: NaCl AS DRAW SOLUTION USING FLAT BED CELL III 
Experiments using NaCl as the DS were conducted to assist in analysing the 
experimental data of MgSO4 with a DS that has been widely used previously. 
Experiments with NaCl as the DS were conducted using the TFC-ULP membrane. 
The concentration of the DS (NaCl) was varied between 2.053M and 0.342M while 
maintaining the flow rates and temperature of the feed and DS constant at 3 litres /min 
and 25°C respectively. The data gathered from these experiments were compared to 
MgSO4 under similar conditions (membrane used: TFC-ULP, flow and temperature of 
feed and DS maintained at 3 litres / min and 25°C respectively) and can be found in 
section 6.2.5. 
5.2.3: COST OF EXPERIMENTS 
This section will outline the practicality of using a recycle method as outlined by the 
cost difference of the OA. 
It was decided that the most cost effective method of running the experiments was to 
use a recycle method. The total cost of the OA for all the experiments of this research 
is outlined in Table 5.7. The estimated amount of MgSO4.7H20 used is based on the 
25 experiments of varying the OA concentration with deionized water as the feed, 20 
experiments of varying the OA concentration with 10,000 ppm NaCl as the feed, and 
5 experiments of varying the OA concentration with 40,000 ppm NaCl as the feed. 
The data displays a total of 11 experimental set ups which took place for each feed 
salinity. The total cost is based on the cost of MgSO4.7H2O being £7 per kg. 
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Table 5.7: Total cost of OA used for all the experiments in this research. 
ii'Aiinni7acl'Water 
. 
Amount of MgSO4 
flow + temp + membrane 
for 25 experiments 
Repeated (11 experiments in table 5.4) 
(grams) Experiment (kg) 
6651 13302g 146.32 
10,000 m NaCl 
Amount of MgSO4 
flow + temp + membrane 
for 20 experiments 
Repeated (11 experiments in table 5.5) 
(grams) Experiment (kg) 
6344 126889 1 139.57 
Total (kg) 
40,000 pm NaCl 337.66 
Amount of MgSO4 
flow + temp + membrane 
for 5 experiments 
Repeated (11 experiments in table 5.6) 
(grams) Experiment (kg) Total Cost (£) 
2353 4706g 51.77 2364 
Table 5.8 shows the cost for a single batch process experiment in which the OA is not 
recycled but discarded. 30.69 kg of MgSO4.7H2O is used for the single experiment 
compared to 511.6g of MgSO4 7HZO for the same experiment under the recycle 
method. This shows that the recycle option is the only cost effective and practical 
method. 
Table 5.8: The cost for a single batch process experiment in which the OA is not recycled. DS flow at 3 
litres / min for a 20 minute experiment. 
Flow of 3 
Amount of MgSO4 7H20 per 
litres/min Total Total Cost (£) PER 
Experiment (grams / litre) EXPERIMENT 20 mins (kg) 
511.6 30696g 30.69 215 
5.3: METHOD OF ANALYSIS 
This section will look at the various methods used to analyse the concentrations of salt 
present in the feed and draw solutions before and after each experiment. Section 5.3.1 
will discuss the reason for using the various methods in analysing the magnesium 
concentration in the solution. When the feed contains only deionized water, 
magnesium ions at the end of the experiment in the feed side were measured by a 
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conductivity meter. When the feed solution contained NaCl ions, titration by EDTA 
was required to measure the concentration of magnesium ions present in the feed 
solution. Section 5.3.2 will look at the measurement of chloride ions by way of ion 
selective electrodes. 
5.3.1: ANALYSIS OF MAGNESIUM 
When deionized water was used as the feed solution, the only ions present in the feed 
at the end of the experiment were only those transferred from the DS, that is; Mg+2 
and S04 2 ions. For this reason, it was sufficient to use the conductivity measurement 
as an indication to measure the ions present. 
When the feed solution contains Na and Cl" ions, the conductivity reading was 
influenced by these ions. It was therefore required to determine the Mg+2 ions using a 
separate method, by EDTA titration. 
5.3.1.1: BY CONDUCTIVITY METER 
Conductivity is the capacity for a material to conduct an electric current. An electrode 
is placed in the sample and a potential is applied, thus the current that passes through 
the solution is measured by ohm's law in equation 1. Conductivity (G) is the inverse 
of resistivity (R1), which is determined from the voltage and current. 
G= 
1=I (amps) 
Rr E(volts) 
(1) 
Although the basic unit of conductivity is the siemens (S), conductivity is usually 
measured in (S/cm) to account for variations in electrode dimensions. The 
conductivity meter used takes into account temperature variations. It has a fixed 
temperature compensation referenced to a standard temperature of 25°C. 
The conductivity was taken from the feed solution at the start and end of the 
experimental run. The increase in feed water conductivity is accounted for by the 
transfer of MgSO4 through the membrane in the opposite direction of the water flow. 
A calibration graph for conductivity vs. concentration at low conductivity readings 
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was created and can be seen in figure 5.11. Any increase in conductivity in the 
feed at 
the end of the experiment is due to the presence of MgSO4 and this increase can be 
calculated from figure 5.11. The concentration of MgSO4 present in the feed at the 
end of the experiment is vital for the calculation of salt selectivity. 
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Figure 5.11: Calibration graph of conductivity vs. concentration at low concentrations 
5.3.1.2: BY EDTA TITRATION 
When the feed solution contained NaCl, EDTA titration was used to measure the 
concentration of magnesium ions present at the end of the experimental run in both 
the feed and draw solutions. This technique is also used to measure calcium ions; 
however, as no calcium ions are present in the solutions, the indicator will only reflect 
the concentration of magnesium ions. 
Water hardness is one of the features that determine the quality of a water supply and 
can be analyzed by titration with the binding reagent EDTA (Ethylene-diamine- 
tetraacetic acid). An EDTA ion can form a complex molecule with up to six sites and 
controlled to react with the metal ion in a 1: 1 mole ratio. When a titration is 
performed to determine the concentration of an ion, the EDTA that is added coalesces 
with the cation to create the complex molecule. The end point is reached when all the 
cation has reacted. 
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Eriochrome Black T is used as the indicator and with the magnesium ion forms a deep 
red, MgIn . The 
EDTA that is added in titration will bond with the free Mg2+ ions 
leaving the MgIri . 
Following this point, any EDTA that is added will displace Mg2+ 
from the indicator complex and bond with the magnesium ions. The end point is 
reached when the solution becomes light blue. 
The reagents used were prepared in the following manner (Sparks, 1996): 
9 EDTA Solution: 0.95 g±0. lmg of disodium salt of EDTA (M. W. = 372.24 
g/mole) was quantitatively dissolved into deionized water to make a 250ml 
solution. This produces a 0.01M solution which was used when titrating the 
draw solutions. In titration of the feed solutions of 10,000 ppm NaCl, EDTA 
of 0.0001M was used. In titrations of the feed solutions of 40,000 ppm NaCl, 
EDTA of 0.001M was used. 
" pH 10 Buffer: 6.8 g of ammonium chloride, NH4C1, is dissolved into 
deionized water to make a 25m1 solution. 57 ml of concentrated aqueous 
ammonia was then added before this 82 ml solution was dilute to 100 ml. 
" Potassium cyanide solution: 1g of potassium cyanide (very toxic) is 
dissolved in deionized water to make a 100ml solution. 
" Eriochrome Black T solution: Ready solution containing 0.5% (WA') in 
ethanol. 
" Hydroxylamine hydrochloride solution: 5g of hydroxylamine 
hydrochloride is dissolved in deionized water to make a 100 ml solution. 
The procedure for the titration is listed below. 
1. Pipette a known amount of the sample into a clean 250 ml Erlenmeyer 
flask. Dilute the sample if necessary. For higher concentrations of draw 
solutions, the sample was diluted by 100 times. For lower 
concentrations of draw solutions, the sample was diluted 10 times. The 
samples taken from the feed solution was not diluted. 
2. Add 4-5 drops of each of KCN and of NH2OH. HCI solutions. The 
KCN masks other ions from reacting. These include Ni, Pd and Fe (II). 
3. At this point heat the flask on the hot plate until condensation forms on 
the inside rim of the flask. 
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4. Add about lmL of ammonia buffer. This will react with other cations 
3+ 
such as Fe that might be present as impurities in the water. Then add 
a few drops of Eriochrome black T indicator. If the solution turns blue, 
there is no measurable magnesium in the solution. If the solution stays 
red, begin titrating with the EDTA solution. Titrate until a light blue 
solution is reached, this is the endpoint. 
The kinetics of the indicator reaction is slow; heating aids in speeding up the 
transition from red to light blue. The colour change upon reaching the endpoint for 
this titration is subtle. However, if the end point is overshot, a repeat of the titration 
takes place. 
At the equivalence point of titration: 
Number of mole of EDTA = Number of mole of Mg2+ ion in solution 
(MXV)EDTA =(MXV)Mg2+ (2) 
MMg2f = 
(MxV)EDTA 
VMg2+ 
As mentioned earlier, for higher concentrations of draw solutions, the sample was 
diluted by 100 times. For lower concentrations of draw solutions, the sample was 
diluted 10 times. This must be taken into account when calculating the number of 
moles. Details of the calculations can be seen in section in Appendix D. 
(3) 
Mgt+ppm = MMg2+ x 24.3 04 x 1000 (4) 
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5.3.2: DETERMINATION OF CHLORIDE WITH ION SELECTIVE ELECTRODES 
The concentration of chloride in a sample can be determined using chloride selective 
electrode which responds directly to the activity of chloride ions. Linear response for 
this type of electrode extends down to 10-4 mol/1(3.5 ppm in chloride. ) 
The solutions used were prepared in the following manner (Sparks, 1996): 
Chloride standards: Prepare lliter of 200 ppm Cl' solution by weighing exactly 
0.33g of NaCl into a lliter volumetric flask. Fill to mark with deionized water. 
Prepare 100m1 solutions containing 10.0,20.0,50.0 and 100.0 ppm Cl' standards by 
dilution of the 200 ppm standard. 
At first, the electrode potentials developed for a known concentration of chloride 
needs to be determined to calibrate the voltmeter. This is done by the following steps: 
1. Install a chloride ISE to the voltmeter (or multimeter). Set the voltmeter to 
read in volts (or mV). 
2. Pipette 1 ml of ISAB and a known volume (0.1,0.2,0.3,0.6,0.8 and 1 ml) of 
the chloride standard into a 150 ml beaker containing 100 ml of deionized 
water (each standard done using continuous addition). The beaker is placed 
onto a magnetic stirrer. The response time of an electrode is enhanced by 
moderate stirring of the sample solution. 
3. Measure the electrode potentials developed in each calibration solution. 
4. For the calibration graph, plot electrode potentials in millivolts (linear axis) 
versus the log of the chloride concentration in ppm. The calibration curves 
developed for measuring the various samples can be found in Appendix E. 
5. Record the electrode potentials developed in the unknown solutions (by 
adding a known volume of the chloride samples into 100 ml of deionized 
water and I ml of ISAB) and determine the chloride concentrations from the 
calibration curve. 
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The calculations from the calibration curves are carried out in the following way: 
-log[cr]= 
ES 11 
(5) 
r 
E= potential in mV for the particular sample 
II = Intercept of the plot of the calibration curve 
SI = Slope of the plot of the calibration curve 
[Cl- 1= lo-(-Ioglc'D x dil utionfactor (6) 
All calibration curves and tables showing the concentration of chloride in the samples 
can be found in Appendix E. 
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6: RESULTS AND DISCUSSION 
This chapter presents and discusses the results of the FO experiments using flat bed 
cell III. Section 6.1 will demonstrate the methods used in calculating the flux, osmotic 
pressure, salt selectivity, membrane rejection and water permeability. Section 6.2 will 
display and discuss the results obtained from the experiments. Further graphs and the 
table of results can be found in Appendix B, C and F. 
6.1: METHOD OF CALCULATIONS 
This section will discuss the methods and equations used when calculating the flux, 
the osmotic pressure of the feed and DS, salt selectivity of the membrane, the 
membrane rejection rate, and A,,; the water permeability. 
6.1.1: CALCULATING FLUX 
The amount of water passing through the membrane from the feed solution to the DS 
is known from the weighing scale used. In the absence of evaporation, any decrease in 
weight of the feed solution is equivalent to water transferred across the membrane to 
the DS. The density of water is known to be approximately 1000 kg / m3 however 
density varies with temperature and salinity to approximately :E0.5%. Seawater has a 
density of 1030 kg/ m3 (Beicher, 2000) while fresh water at 30°C has a density of 
995.6 kg / m3 (Lide, 1990). For simplification purposes, the density of water will be 
taken as 1000 kg / m3 thus every 1.0 ml of water weighs 1.0 g. When the feed 
contains NaCl, some salt passes through the membrane with the water. From the 
experimental results shown in Appendix E, it is shown that this salt transfer is a very 
small amount and is taken to be negligible. 
The flow rate of water through the membrane, J,, as a function of the applied pressure 
is calculated using: 
JW = 
QP 
(7) 
J, y : Water flux, units of flow rate per membrane unit area, l. m'2. hr'1 
Qp: Permeate flow rate, units of volume per time, 1 hi' 
A: Effective membrane area, m2 
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Each experimental run takes 20 minutes, and the permeate flow rate is calculated in 1/ 
hr. The membrane used has dimensions of 36 cm x 25 cm. This gives a surface area of 
900 cm2 (0.09 m2). The stainless steel mesh used has an open area of 80% giving a 
membrane net surface area of 0.072 m2 in contact with the feed and draw solutions. 
6.1.2: CALCULATING OSMOTIC PRESSURE 
The first Nobel Prize winner in chemistry Jacobus Henricus Van It Hoff, produced the 
Van't Hoff equation which calculates the osmotic pressure n while taking into account 
the Van't Hoff factor i (Vesilind, 1994): 
n= i"m"Rg"T 
i: Van't Hoff factor 
m: Ionic molar concentration 
Rg: Gas constant = 0.08206 (liter bar / °K mole) 
T: Absolute temperature (°K) 
(8) 
This equation shows that the relationship between concentration and osmotic pressure 
to be a linear one; however this is not the case. Furthermore, this equation is a general 
equation and is not specific to MgSO4, as the Van't Hoff factor needs to be varied at 
different concentrations. This shows a considerable variation for the osmotic pressure 
at various concentrations when compared to published experimental data. 
Figure 6.1 shows the relationship between osmotic pressure and concentration for 
MgSO4 at 25°C when calculated by the Van't Hoff equation, using Film Tec's ROSA 
(Reverse Osmosis System Analysis) software and using OLI stream analyzer 2.0. 
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Concentration vs. Osýc Pressure for Mg9O4 
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Figure 6.1: Molar Concentration vs. Osmotic Pressure of MgSO4 at 25°C. 
The Osmotic Pressures used in this research are based on calculations from OLI 
stream analyzer 2.0. This software is widely used and considered to give reliable 
results by basing the thermodynamic models it uses on published experimental data. 
The DS of each experiment will have a unique final molar concentration which will 
be used to calculate the end osmotic pressure from the equation of the line in figure 
6.1. The osmotic pressure of the DS varies from the start to the end of each 
experimental run as it is dependant on the flux, and is lower when there is a high flux 
through the membrane. For this reason, the results will take the average molar 
concentration and osmotic pressure from the start to the end of the experiment. 
The average osmotic pressure of the DS from start to end of each experiment is the 
average of the osmotic pressure at the start and end of each experiment. 
"Start +1l 
lind 
average 2 
ý9ý 
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This assumption is only possible if the osmotic pressure varies linearly with 
concentration and over a small concentration range. The almost linear relationship 
between osmotic pressure and concentration can be seen from figure 6.1. The 
relationship between osmotic pressure and concentration becomes less linear as the 
concentration increases above 2. OM. Tables 6.1 - 6.3 show the variation in error % 
when taking the average osmotic pressure across the experiment. Only the first 10 
experiments are shown with the highest concentration (and osmotic pressure) as these 
will exhibit the highest % error. As the concentration of the DS decreases, it can be 
seen that the error % decreases as well. 
Tables 6.1 - 6.3 show that the range varies by up to ± 14.14% in the case of highest 
flux, thus this method could be considered feasible. As osmotic pressure of the DS is 
altered by water flux, the highest drop in osmotic pressure of the DS will be seen 
when the highest flux is produced, and the lowest drop in osmotic pressure of the DS 
will be seen when the lowest flux is produced. Table 6.1 shows the variation in error 
% while varying the flow of the DS and feed. Table 6.2 shows the variation in error % 
while varying the temperature of both the DS and feed, while table 6.3 shows the 
variation in error % while varying the membrane used. 
Table 6.1: Shows the variation in error % when taking the average osmotic pressure of the start and end 
of each experimental run, while varvine flow of the DS and distilled water feed 
Highest flux Lowest flux 
FEED: DISTILLED 
WATER Flow: Feed I litre I min Flow: DS I litre I min 
Osmotic Pressure 
start (bar) 
Osmotic Pressure 
end (bar) t error 
% Osmotic Pressure t error % end (bar) 
53.29 39.34 13.09 43.25 9.41 
50.59 37.74 12.70 41.47 9.02 
47.96 36.04 12.43 39.65 8.66 
45.39 34.51 11.99 37.65 8.53 
42.89 33.23 11.25 35.68 8.40 
40.45 31.30 11.31 34.00 7.97 
38.07 30.19 10.34 32.55 7.25 
35.75 28.58 10.03 30.61 7.19 
33.50 27.29 9.27 29.18 6.45 
31.30 25.74 8.89 27.29 6.41 
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Table 6.2: Shows the variation in error % when taking the average osmotic pressure of the start and end 
of each experimental run, while varying the temperature of the DS and the distilled water feed. 
Highest flux Lowest flux 
FEED: DISTILLED 
WATER Temperature DS 35°C Temperature DS 15°C 
Osmotic 
Pressure start 
(bar) 35°C 
Osmotic Pressure 
end (bar) t error % 
Osmotic 
Pressure start 
(bar) 15°C 
Osmotic 
Pressure end 
(bar) 
t error 
55.07 39.49 14.14 51.50 46.34 4.68 
52.29 37.95 13.71 48.89 44.26 4.43 
49.57 35.97 13.72 46.35 41.76 4.63 
46.91 34.72 13.00 43.87 39.98 4.15 
44.32 33.08 12.68 41.45 38.46 3.37 
41.80 31.43 12.41 39.09 36.01 3.68 
39.35 29.86 12.05 36.79 34.57 2.82 
36.95 28.25 11.77 34.55 32.27 3.09 
34.62 26.85 11.22 32.37 30.66 2.48 
32.35 25.54 10.54 30.25 28.95 2.01 
Table 6.3: Shows the variation in error % when taking the average osmotic pressure of the start and end 
of each experimental run, while varying the membrane used and using distilled water as the feed. 
Highest flux Lowest flux 
FEED: DISTILLED 
WATER Membrane TFC-SR2 Membrane TFC-HR 
Osmotic Pressure 
start (bar) 
Osmotic Pressure 
end (bar) i error 
% Osmotic Pressure 
end (bar) t error 
% 
53.29 39.93 12.53 42.40 10.22 
50.59 38.24 12.20 40.67 9.81 
47.96 36.78 11.66 38.75 9.60 
45.39 35.14 11.29 37.22 9.00 
42.89 33.47 10.97 35.58 8.52 
40.45 31.61 10.92 34.18 7.74 
38.07 30.18 10.37 32.56 7.23 
35.75 28.87 9.62 31.26 6.28 
33.50 27.29 9.27 29.79 5.54 
31.30 25.84 8.73 28.05 5.20 
When the feed contained NaCl, two methods were used to determine the end 
concentration of each experiment. The first method is an experimental method which 
involves titration and the second is a theoretical method which takes into account the 
water transferred across the membrane. The average of these two methods was used to 
calculate the average molar concentration at the end of each experiment. This average 
final molar concentration is used to determine the final osmotic pressure. 
In the case of deionized water as the feed solution, the only method used is to 
calculate the final concentration theoretically by knowing the amount of water 
transferred across the membrane and determining the new concentration as shown 
below. 
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" Initial concentration =X grams /1 litre 
" Final concentration =X grams /1 litre + water transferred across membrane 
In the case of the feed containing NaCl, the first method determines the end 
concentration of the DS experimentally by EDTA titration as explained in section 
5.3.1.2. The second method again calculates the final concentration theoretically by 
knowing the amount of water transferred across the membrane and determining the 
new concentration. 
The net osmotic pressure 7rn, t is the difference between the osmotic pressure of the DS 
(n DRAW) and the osmotic pressure of the feed solution n FEED. 
1-1 
net 
= 1-1 Draw - 
rl 
Feed 
(10ý 
6.1.3: CALCULATING SALT SELECTIVITY 
Salt selectivity by the membrane is calculated from concentration of salt in the feed 
which was permeating from the DS. The salt selectivity Ssalt due to the salt 
transporting from the draw to the feed can be calculated by (Wang, 2007): 
Ss°`` = (1- (t VlCa))xl00% 
(11) 
nwt : Amount of salt transporting from draw to feed solution, units of mass, g 
t: Time of experiment, units of time, hr 
Vf : Average volume of feed at the start and end of FO, units of volume, litre 
Cd : Concentration of DS, units of mass per volume, g/l 
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6.1.4: CALCULATING MEMBRANE REJECTION RATE 
Membranes are characterized by the rejection rate or rejection factor. The rejection 
rate is the percent of a contaminant that is rejected by the membrane. Solute 
separation is measured in terms of rejection, R, and is calculated by: 
R=1-Cp 
Cf 
Cf: Feed water solute concentration, units of mass per volume, g/l 
Cp : Permeate solute concentration, units of volume per time, g/l 
6.1.5: CALCULATING A,, 
(12) 
Permeability is used to determine the conductivity of the permeable membrane with 
respect to permeation by a Newtonian fluid. To calculate the water permeability 
coefficient A, the following equation is used: 
J, 
y =AK, 
(QOrI-AP) (13) 
AW : Water permeability constant, l. hr4. M-2 baf 1 
AP : Trans-membrane pressure differential, units of pressure, bar 
On Cross membrane osmotic pressure differential, units of pressure, bar 
The pure water permeability of the TFC-ULP, TFC-HR (Pei, 2006) and TFC-SR2 
(Madaeni, 2001) membranes as calculated using a RO process can be found in table 
6.4. 
Table 6.4: Pure water permeability for membranes tested in this study. 
Membrane type 
Pure water permeability 
(L m"2 h'1 bar ) 
TFC-ULP 8.125 
TFC-HR 3.5 
TFC-SR2 15.4 
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6.1.6: INTERNAL AND EXTERNAL CONCENTRATION POLARIZATION 
In a pressure-driven membrane process, mass transfer on the permeate side of the 
membrane is unimportant. It is only important on the feed side of the membrane 
where concentration polarization effects will reduce the permeate water flux and can 
induce scaling or fouling. In an osmotic process, however, mass transfer is critical on 
both sides of the membrane. On the feed side, the polarized layer is more concentrated 
than the bulk, as in RO, while on the permeate (draw) side, the layer is more dilute. 
The severity of these effects can be controlled to some degree with cross flow and 
well designed thermodynamics. When the membrane used is asymmetric, as is the 
case in the present research, one of these polarization effects is protected within the 
confines of a porous support layer where cross flow cannot mitigate it. 
6.1.6.1: CONCENTRATIVE AND DILUTIVE ECP 
Knowing the overall effective osmotic driving force is important in determining the 
flux performance in FO. We therefore need to determine the concentration of the feed 
at the active layer surface. This is not an easily measurable quantity, but it can be 
calculated from experimental data using boundary layer film theory. Determining the 
membrane concentrations begins with the calculation of the Sherwood number for the 
appropriate flow regime in a rectangular channel: (McCutcheon, 2005) 
0.33 
Sh =ReScd n 1.85 L 
(laminar flow) (14) 
Sh = 0.04Re0.75 SCo. 33 (turbulent flow) (15) 
Re: Reynolds number. 
Sc: Schmidt number. 
Dh: Hydraulic diameter. 
L: Length of channel. 
k= ShD 
d,, (16) 
k: mass transfer coefficient. 
D: solute diffusion coefficient. 
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The mass transfer coefficient is then used to calculate what is called the concentrative 
ECP modulus: 
ELM 
= exp w ý1%) 
F, b 
7tF. m: osmotic pressure of the 
feed solution at the membrane surface. 
71F. a: osmotic pressure of the feed solution in the bulk. 
Dilutive ECP is a phenomenon similar to concentrative ECP, except that in this case, 
convective water flow is displacing and dragging dissolved draw solute away from the 
membrane surface on the permeate side of the membrane. A dilutive ECP modulus 
can be defined similar to equation 17, except that in this case, the membrane surface 
concentration of the draw solute is less than that of the bulk. 
D'm=exp- k 
D. b 
ltD. m: osmotic pressure of the draw solution at the membrane surface. 
7ED, b: osmotic pressure of the draw solution in the bulk. 
To model the flux performance of the FO process in the presence of ECP, we start 
with the standard flux equation, similar to equation 13. 
Jw, = A(7rD. b - ; rF, b 
) 
(19) 
Equation 19 predicts flux as a function of driving force in the absence of 
concentrative or dilutive ECP, which may be valid only if permeate flux is low. For 
higher flux, equation 19 is modified to include both concentrative and dilutive ECP: 
J. =A 'rDb exp -w -'rFb ex()) pw (20) 
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6.1.6.2: DILUTIVE ICP 
When the feed is placed against the active layer and the DS is against the backing 
layer, as is the case in the present research, the ICP phenomenon occurs on the 
permeate side. This phenomenon is referred to as dilutive ICP since the DS is diluted 
by the permeate water within the porous support of the membrane. 
1 B+A7rDb 
K= Jw In B+ Jx, + AJrF, m 
(21) 
K: solute resistivity. 
B: salt permeability coefficient 
Assuming the salt permeability to be negligible (i. e., B=O, a=0), equation 21 is 
simplified to: 
Jx, = AL7rn, a exp(- J,, 
)-; 
rF, 
m J 
(22 
ltD, b is now corrected by the dilutive ICP modulus giving: 
ýTD'' 
= exp(- JwK) (23) 'rDb 
71D,;: concentration of the draw solution on the inside of the active layer. 
By substituting equation 17 in equation 22, we get: 
Jw =A 7rDb exp(-Jx K) - 7rFb exp(L; ) (24) 
68 
6. RESULTS AND DISCUSSION 
The difficulty in calculating the ICP modulus lies in determining K, the solute 
resistivity for diffusion within the porous support layer. K is a function of membrane 
characteristics which are difficult to determine or often unavailable due to proprietary 
issues. 
K= -- (25) 
t: thickness of support layer. 
ti; turtuosity of the support layer. 
D: diffusion coefficient of the solute. 
E; porosity of the support layer. 
Therefore, from equation 25, it can be deduced that to reduce the effect of ICP, the 
solute resistance to diffusion needs to be reduced. This can be done by tailoring the 
membrane for more optimal osmotic performance by making the membrane porous 
support layer more porous or less thick. Lower K values result in higher predicted 
fluxes for identical bulk osmotic driving forces. The flux behaviour in the presence of 
dilutive ICP becomes more ideal the lower K becomes. 
6.2: MANIPULATED FO USING FLAT BED CELL III 
This research investigates the effect of varying the DS concentration, varying the flow 
rate of the feed and DS, varying the temperature of the feed and DS and varying the 
salinity of the feed solution. Before this can be done, three flat sheet membranes are 
investigated to determine which produced the most favourable results in terms of 
water quality and quantity produced. The membranes are selected based on their 
differences in the product flux and salt rejection. Table 5.2 shows the manufacturer 
specification for the membranes used in the FO experiments. Once the most favorable 
membrane was determined, experiments were conducted with this membrane type to 
investigate flow rate and temperature of both the feed and DS while varying the DS 
concentration. Results in this section show that the TFC-ULP RO membrane 
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produced the most favorable results and was used when investigating flow rate and 
temperature. 
This section will display and discuss the results from all experiments which involved 
MgSO4 as the feed, and either deionized water (section 6.2.1), 10,000 ppm NaCI 
(section 6.2.2) or 40,000 ppm NaCl (Section 6.2.3) as the fed solution. Sections 6.2.1 
to 6.2.3 will each contain the following graphs. 
" Concentration of OA vs. Flux 
" Concentration of OA vs. Salt selectivity 
" Net Osmotic Pressure vs. A,, 
" Concentration of OA vs. Rejection rate (only for feed containing NaCl) 
The following tables and figures can be found in Appendix C for a feed of deionized 
water, with a feed salinity of 10,000 ppm NaCl and 40,000 ppm NaCI respectively. 
These figures will not be discussed as they are believed to be self explanatory. 
" Flux vs. Salt selectivity 
" Net Osmotic Pressure vs. Flux 
Section 6.2.4 will display results comparing the effect of varying the feed salinity for 
the TFC-ULP membrane while maintaining the flow and temperature of both feed and 
DS constant at 3 litres / min and 25°C respectively. Results for comparing the effect 
of varying feed salinity to temperature and flow for the TFC-SR2 and TFC-HR 
membranes can be found in Appendix F. 
Section 6.2.5 will compare the experimental data of using MgSO4 as the DS with 
using NaCl as the DS. The data gathered experiments with NaCl as the DS were 
compared to MgSO4 under similar conditions (membrane used: TFC-ULP, flow and 
temperature of feed and DS maintained at 3 litres / min and 25°C respectively). 
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6.2.1: DRAW SOLUTION OF MgSO4 , FEED OF DEIONIZED WATER 
Sections 6.2.1.1 to 6.2.1.3 will display and discuss results obtained for varying 
membrane, flow and temperature with a feed of deionized water. 
6.2.1.1: VARY MEMBRANE 
The figures in this section display the results obtained for varying the flat sheet 
membrane used in the FO cell while maintaining the flow of both solutions constant at 
3 litres / min and the temperature of both solutions constant at 25°C. By doing this, it 
will be possible to determine the most favourable membrane type for further 
investigations on varying temperature and flow rate of both the feed and DS. 
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Figure 6.2: Concentration of OA vs. flux for varying membrane of FO cell. 
Experimental conditions: Feed of deionized water. Temperature and flow of both feed and DS at 25°C 
and 3 litres / min respectively. 
Figure 6.2 shows that the TFC-ULP membrane gave a slightly higher flux for higher 
concentrations of the DS as compared to the other RO membrane. The data also 
shows that under similar conditions, and for lower concentrations of DS, the TFC- 
SR2 membrane permits similar flux to either of the other two RO membranes. At 
higher DS concentrations, the NF membrane permits up to 80 percent more flux than 
the TFC-HR membrane. The NF membrane has a larger pore size which permits more 
water molecules than the RO membrane. The draw back to the high flux permitted 
with the NF membranes is the higher salt selectivity that can be seen in figure 6.3. 
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The data shows that salt selectivity is affected by the membrane type used, and as salt 
selectivity is related to flux, the set ups which generated the highest flux (TFC-SR2), 
showed the lowest salt selectivity. 
Figure 6.3 also illustrates that both RO membranes exhibit similar result for salt 
selectivity. For low OA concentrations up to approximately 0.4M, the graph displays 
a slight increase in salt selectivity from 99.93% to 99.98%. For higher DS 
concentrations above 0.4M, the salt selectivity remains constant z 99.99%. When 
using the NF membrane, the salt selectivity can be seen to increase sharply for low 
OA concentrations with the salt selectivity as low as 99.67%. The salt selectivity 
increase gently as the concentration of the DS is increased and appears it will level 
out as DS concentrations are increased above 2. OM. 
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Figure 6.3: Concentration of OA vs. salt selectivity for varying membrane of FO cell. 
Experimental conditions: Feed of deionized water. Temperature and flow of both feed and DS at 25°C 
and 3 litres / min respectively. 
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Figure 6.4: Net Osmotic Pressure vs. A,, for varying membrane of FO cell. 
Experimental conditions: Feed of deionized water. Temperature and flow of both feed and DS at 25°C 
and 3 litres / min respectively. 
Figure 6.4 shows that for all membrane types, there is an increase in water 
permeability as the pressure increases up to 15 bar. As the osmotic pressure increases 
further, the membranes displayed a similar increase in the ratio of flux to osmotic 
pressure resulting in the water permeability leveling out. The data also shows that the 
NF membrane permitted the highest flux through its pores and thus showed the 
highest water permeability coefficient; and for certain osmotic pressures, more than 
twice as high as the RO membranes. 
In conclusion, both water quality and quantity are vital in determining the most 
effective membrane type for further investigation. Due to the NF membrane being a 
loose membrane, the flux produced was higher than the RO membranes, it also 
permitted a high percentage of MgSO4 through the membrane. Both RO membranes 
showed very similar results however at high DS concentrations, the TFC-ULP 
membrane showed higher flux rates and similar salt selectivity across the membrane, 
thus this membrane was used for further investigation for varying the flow rates and 
temperature of the feed and DS. 
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6.2.1.2: VARY FLOW OF DRAW AND FEED ACROSS MEMBRANE 
The figures in this section display the results obtained for varying the flow of both the 
feed and DS while maintaining the temperature of both solutions constant at 25°C. 
The membrane used was the TFC-ULP RO membrane. 
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Figure 6.5: Concentration of OA vs. flux for varying flow rates of feed and DS. 
Experimental conditions: Feed of deionized water. Temperature of both feed and DS at 25°C. 
Figure 6.5 shows that the water flux through the membrane increases as the 
concentration of the DS increases. The greatest flux can be seen for a DS flow of 3 
litres / min and a feed solution flow of I litre / min. The least flux can be seen at high 
DS concentrations for a DS flow of 1 litre / min and a feed solution flow of 3 litres / 
min. 
Figure 6.5 also shows that for low OA concentrations, there is a linear relationship 
between concentration and flux, however for higher OA concentrations, as the 
concentration of the OA solution is increased, the rate of increase in flux begins to 
diminish. 
As the flow of the deionized water is decreased, the flux of water through the 
membrane is increased. This is expected as there is a higher residence time for the 
water molecules to have in contact with the membrane thus generating a higher flux. 
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The data illustrates that by increasing the flow of the feed from I litre / min to 3 litres 
/ min, the flux is almost halved. 
The experimental data also shows that there is a decrease in water flux through the 
membrane as the flow of DS is decreased. This can be associated with either dilutive 
ICP or dilutive ECP across the membrane. As dilutive ICP dilutes the DS within the 
membrane porous substructure, it cannot be mitigated by altering the hydrodynamic 
conditions and thus varying the flow across the membrane will have a negligible 
effect on dilutive ICP. Dilutive ECP refers to the dilution of the DS against the active 
layer surface on the permeate side of the membrane. At lower DS flow across the 
membrane, there can be a build up of low concentration DS near the membrane thus 
reducing osmotic pressure of the DS resulting in a reduction in water flux being 
drawn from the feed. As the flow of the DS is increased, the effect of dilutive ECP 
will be minimised. While ECP does occur in these FO experiments, its effect is 
minute because the permeate water fluxes are relatively low (McCutcheon [2], 2006). 
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Figure 6.6: Concentration of OA vs. Salt Selectivity for varying flow rates of feed and DS. Experimental conditions: Feed of deionized water. Temperature of both feed and DS at 25°C. 
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Figure 6.6 represents the graph for OA concentration vs. Salt selectivity which was 
calculated using equation 11. The figure shows that for low OA concentrations up to 
approximately 0.3M, salt selectivity increases as the concentration of the DS is 
increased. At this stage, salt selectivity and OA concentration are governing the flux 
and not the feed and draw flow rates. As the concentration of OA increased above 
0.5M, the salt selectivity increased very slightly for increasing DS concentrations, and 
ranges from 99.984% to 99.994%. When salt selectivity is not a function of OA 
concentration, then feed rate, and to a lesser extent DS concentration, govern the flux. 
The figure also illustrates that salt selectivity is not affected individually by the feed 
and draw flow rates, however, as flux is related to salt selectivity, the set up which 
generated the highest flux ( Draw 3 litres / min, Feed I litre / min), produced the 
lowest salt selectivity. 
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Figure 6.7: Net Osmotic Pressure vs. A,, for varying flow rates of feed and DS. 
Experimental conditions: Feed of deionized water. Temperature of both feed and DS at 25°C. 
As can be seen from equation 13, water permeability is equivalent to the ratio of flux 
and net osmotic pressure, and the flux produced is directly proportional to the osmotic 
pressure of the DS. In this case, as the feed has no osmotic pressure, the net osmotic 
pressure is only the pressure of the DS; however when NaCI is present in the feed, the 
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net osmotic pressure is the difference of the draw and feed solution. 
Thus, for a given 
OA concentration, the highest water permeability coefficient is for the set up which 
produces the highest flux (Feed 1 litre / min). 
Figure 6.7 can be split into two sections. The first shows an increase in water 
permeability as the osmotic pressure of the DS increases up to 12 bar. This represents 
that the ratio of flux to osmotic pressure is > 1. At this stage, water permeability is 
controlled by the ratio of flux to osmotic pressure. 
The second stage sees that for osmotic pressures above a critical value, the water 
permeability stabilizes producing a similar ratio of flux to osmotic pressure = 1. At 
this stage the water permeability is controlled by the flow rate of the draw and feed 
solutions. 
6.2.1.3: VARY TEMPERATURE OF DRAW AND FEED 
The figures in this section display the results obtained for varying the temperature of 
both the feed and draw solutions while maintaining the flow of both solutions 
constant at 3 litres / min. The membrane used was the TFC-ULP RO membrane. 
It can be deduced from figure 6.8 that increasing the temperature of the feed solution 
will increase the flux. As the temperature of the water is increased, both the viscosity 
of the water will decrease and the movement and speed of the molecules will increase 
which will increase the diffusion rate of water through the membrane. Diffusion is a 
passive movement of molecules so quicker molecule movement translates into 
quicker diffusion. 
For higher DS concentrations, by increasing the temperature of the feed from 15°C to 
25°C while maintaining the temperature of the DS at 25°C, the flux increased by more 
than 50%. By increasing the temperature of the feed from 25°C to 35°C while 
maintaining the temperature of the DS at 25°C, the flux increased by 20%. It can be 
deduced that the flux increased by up to 5% per degree Celsius increase in feed water 
temperature. 
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Figure 6.8: Concentration of OA vs. flux for varying temperatures of feed and DS. 
Experimental conditions: Feed of deionized water. Flow of both feed and DS at 3 litres / min. 
For higher DS concentrations, an increase in the temperature of the DS will increase 
the flux of water passing from the feed to the DS. This is expected as increasing the 
temperature will increase the osmotic pressure of the DS which in turn will draw more 
water from the feed. Furthermore, by increasing the temperature of the DS, the effect 
of both ICP and ECP will be minimised. (McCutcheon [2], 2006) 
For higher DS concentrations, by increasing the temperature of the DS from 15°C to 
25°C while maintaining the temperature of the feed at 25°C, the flux increased by up 
to 100%. By increasing the temperature of the DS from 25°C to 35°C while 
maintaining the temperature of the feed solution at 25°C, the flux increased by up to 
50%. It can be deduced that the flux increased by up to 10% per degree Celsius 
increase in DS temperature. 
It can thus be concluded that varying the temperature of either the draw or feed 
solution will affect the flux. However, varying the temperature of the DS has a greater 
affect on flux than varying the temperature of the feed. 
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Figure 6.9: Concentration of OA vs. Salt selectivity for varying temperatures of feed and DS. 
Experimental conditions: Feed of deionized water. Flow of both feed and DS at 3 litres / min. 
Figure 6.9 represents the graph for OA concentration vs. salt selectivity for varying 
feed and draw temperatures. The figure shows that for low OA concentrations up to 
approximately 0.3M, salt selectivity increased as the concentration of the DS 
increased. As the concentration of OA was raised above 0.5M, the salt selectivity 
increased very slightly for increasing DS concentrations and ranged from 99.983% to 
99.995%. 
The figure also illustrates that salt selectivity is not affected individually by the feed 
and draw flow rates, however, as salt selectivity is related to flux, the set ups which 
generated the highest flux (draw 35°C and feed 25°C, draw 25°C and feed 35°C), 
showed the lowest salt selectivity. 
Water permeability is equivalent to the ratio of flux and net osmotic pressure, and the 
flux produced is directly proportional to the osmotic pressure of the DS. Flux 
increases in FO with increasing temperature are primarily due to a decreased viscosity 
of water which increases the diffusion rate of water through the membrane and thus, 
its water permeability coefficient. It is thus expected that, for a given OA 
concentration, the highest water permeability coefficient is for the set up which 
produces the highest flux (Draw 35°C). 
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Figure 6.10: Net Osmotic Pressure vs. A. for varying temperatures of feed and DS. 
Experimental conditions: Feed of deionized water. Flow of both feed and DS at 3 litres / min. 
Figure 6.10 first displays an increase in water permeability as the osmotic pressure 
increases up to approximately 15 bar. This represents that the ratio of flux to Osmotic 
pressure is >II. The experimental data then demonstrates that for Osmotic pressures 
above 15 bar, the water permeability stabilizes producing a similar ratio of flux to 
osmotic pressure 1. 
It should be noted that the water permeability of the solution producing the highest 
flux (draw 35°C) decreased as the concentration increased. This can be associated 
with dilutive ECP on the DS side of the membrane. 
6.2.2: DRAW SOLUTION OF MgSO4 , FEED OF 10,000 ppm NaCl 
Sections 6.2.2.1 to 6.2.2.3 display and discuss results obtained for varying the 
membrane, the flow and the temperature with a feed solution of 10,000 ppm NaCl. 
The lowest OA concentration that was used at the start of all experiments with a feed 
solution containing 10,000 ppm NaCl was 0.498M as a lower OA concentration will 
exhibit minimal flux. 
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6.2.2.1: VARY MEMBRANE 
The figures in this section display the results for a feed of 10,000 ppm NaCl while 
varying the flat sheet membrane used in the FO cell. The flow of both solutions is 
maintained at 3 litres / min and the temperature of both solutions constant at 25°C. By 
doing this, it will be possible to determine the most favourable membrane type for 
further investigations on varying temperature and flow rate of both the feed and DS. 
Figure 6.11 illustrates that all three membrane types produced similar flux results up 
to a draw concentration of approximately 1. OM. For draw concentration above 1. OM, 
the TFC-ULP membrane gave a higher flux than the TFC-HR membrane. The NF 
membrane permits almost 50% more flux than the TFC-HR membrane, however, the 
draw back to the high flux permitted with the NF membranes is the higher salt 
selectivity and rejection rate that can be seen in figures 6.12 and 6.14 respectively. 
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Figure 6.11: Concentration of OA vs. flux for varying membrane of FO cell. 
Experimental conditions: Feed of 10,000 ppm NaCl. Temperature and flow of both feed and DS at 
25°C and 3 litres / min respectively. 
Figure 6.12 shows that both RO membranes exhibit similar result for salt selectivity. 
For low OA concentrations up to approximately 0.8M, the graph displays a slight 
increase in salt selectivity from 99.96% to 99.98%. For higher DS concentrations 
above 0.8M, the salt selectivity increases very slightly for increasing DS 
concentrations and ranges from 99.98% to 99.99%. 
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Figure 6.12: Concentration of OA vs. Salt Selectivity for varying membrane of FO cell. 
Experimental conditions: Feed of 10,000 ppm NaCl. Temperature and flow of both feed and DS at 25°C and 
3 litres / min respectively. 
When using the NF membrane, the salt selectivity can be seen to increase sharply for 
low OA concentrations with the salt selectivity as low as 99.8%. The salt selectivity 
increase gently as the concentration of the DS is increased and appears it will level 
out as DS concentrations are increased above 2. OM. 
Figure 6.13 shows that for all membrane types, that there is an increase in water 
permeability as the net osmotic pressure increases up to 20 bar. As the osmotic 
pressure increases further, the water permeability levels out for the RO membrane and 
decreases slightly for the NF membrane. 
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Figure 6.13: Net Osmotic Pressure vs. A, V 
for varying membrane of FO cell. 
Experimental conditions: Feed of 10,000 ppm NaCl. Temperature and flow of both feed and DS at 25°C and 
3 litres / min respectively. 
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Up to a net osmotic pressure of 15bar, all membrane types showed similar water 
permeability coefficients, however when the net osmotic pressures was increased 
above 20 bar, the NF membrane allowed the highest flux through its pores and thus 
showed the highest water permeability coefficient. 
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Figure 6.14: Concentration of OA vs. Rejection Rate for varying membrane of FO cell. 
Experimental conditions: Feed of 10,000 ppm NaCl. Temperature and flow of both feed and DS at 
25°C and 3 litres / min respectively. 
From figure 6.14, as the concentration of the DS increases, so too will the water flux 
passing from the feed to the DS, and thus the rejection rate decreases. Figure 6.11 
showed that the NF membrane exhibits higher flux than the RO membranes. NF 
membranes have larger pore sizes which provide a higher flux but also allow a higher 
percentage of salts to pass through them. For high draw concentrations, which 
exhibited a high flux, the rejection rate for the NF membrane is as low as 87.8%. 
It can be noticed that this rejection rate is much lower than the advertised rejection 
rate from koch membranes. The advertised rejection rate is based on using ideal 
situations which will exhibit the ideal ratio of flux and rejection rate. They are based 
on chlorine ion rejection with a feed solution of deionized water and under the 
following test conditions: 32,800 mg/l NaCl solution (isosmotic to ASTM standard 
seawater) at 800 psi (5,520 kPa) applied pressure, 7% recovery, (25°C) and pH 7.5. 
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In conclusion, although the NF membrane gave a higher flux than the RO membranes, 
it also permitted a high percentage of MgSO4 and NaCl through the membrane 
showing a low rejection rate and salt selectivity. Again both RO membranes showed 
very similar results however at high DS concentrations, the TFC-ULP membrane 
showed higher flux rates and similar salt selectivity and rejection rates, thus this 
membrane was used for further investigation for varying the flow rates and 
temperature of the feed and DS. 
6.2.2.2: VARY FLOW OF DRAW AND FEED ACROSS MEMBRANE 
The figures in this section display the results obtained for varying the flow of both the 
feed and draw solutions while maintaining the temperature of both solutions constant 
at 25°C. 
Up to a concentration of 0.8M, a clear analysis cannot be deduced for the effect of 
varying the flow of draw or feed, as varying the flow of either does not significantly 
vary the flux to establish a clear conclusion. 
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Figure 6.15: Concentration of OA vs. flux for varying flow of feed and DS. 
Experimental conditions: Feed of 10,000 ppm NaCl. Temperature of feed and DS at 25°C. 
For higher DS concentrations above 0.8M, a clearer pattern is visible and the greatest 
relative flux is observed for a feed solution flow of I litre / min. The least flux can be 
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seen for a DS flow of I litre / min and a similar lower flux can be observed for a draw 
flow of 2 litres / min. The low flux observed can be associated to dilutive ECP on the 
DS side of the membrane. Water will pass from the feed solution to the DS thus 
creating an area of low concentration of the DS near the membrane thus reducing 
osmotic pressure of the DS and reducing the flux of water being drawn from the feed. 
As the flow of the DS across the membrane is increased, the effect of dilutive ECP 
will be minimised. Dilutive ICP will also occur, however as the dilution will take 
place within the membrane porous substructure, it cannot be mitigated by altering the 
hydrodynamic conditions and thus varying the flow across the membrane will have no 
effect on dilutive ICP. 
As mentioned earlier, the highest flux is observed for a solution of high flow of the 
DS and low flow of the feed, which in this case is a solution containing 10,000 ppm 
NaCI. As the flow of the feed is decreased, the water molecules in the NaCl solution 
have a higher residence time in contact with the membrane thus generating a higher 
flux. The adverse effect for the lower flow of the feed solution is that this will create 
concentrative ECP in the feed side. This concentrative ECP will cause a build up of 
solutes which will both restrict the water flow through the membrane pores as well as 
increasing the osmotic pressure of the feed solution near the membrane surface. 
Figure 6.15 also concludes that concentrative ECP on the feed side has a minor effect 
on driving force unless the feed concentration or the permeate flux was relatively 
high. This conclusion was also made by McCutcheon [3] 2006. The data shows that 
for higher draw concentrations, by decreasing the flow of the feed from 3 litres / min 
to I litre / min, the flux increases by up to 30%, therefore the benefits of reducing the 
flow of the feed outweigh the disadvantages caused by concentrative ECP. 
Figure 6.16 represents the graph for OA concentration vs. Salt selectivity for a feed 
solution containing 10,000 ppm NaCl and varying feed and draw flow rates. The 
figure displays that for low OA concentrations up to I. OM, salt selectivity increases as 
the DS concentration increases. As the draw concentration increases beyond I. OM, the 
salt selectivity increases gently and levels out. 
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The data also illustrates that salt selectivity is not affected individually by the feed and 
draw flow rates, however, as salt selectivity is related to flux, the set up which 
generated the highest flux (Draw 3 litres / min, Feed I litre / min), generally produces 
the lowest salt selectivity. 
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Figure 6.16: Concentration of OA vs. salt selectivity for varying flow of feed and DS. 
Experimental conditions: Feed of 10,000 ppm NaCl. Temperature of feed and DS at 25°C. 
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For a given OA concentration, the water permeability can be seen to be within a 
certain range with the highest water permeability coefficient observed for the set up 
which produces the highest flux (Feed 1 litre / min). Figure 6.17 first displays an 
increase in water permeability as the net osmotic pressure increases up to 
approximately 15 bar. Following this increase in water permeability, a slight decrease 
can be seen, although the general trend shows that the water permeability stabilizes 
producing a similar ratio of flux to net osmotic pressure for higher OA concentrations. 
The rejection rate is an important aspect of water desalination. In most cases, when 
using the same membrane, increasing the flux will reduce the rejection rate. This is 
due to the higher concentration of NaCI that will pass with the water molecules and be 
integrated in the DS. Figure 6.18 is no exception and three conclusions can be made 
from this data. 
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Figure 6.18: Concentration of OA vs. Rejection rate for varying flow of feed and DS. 
Experimental conditions: Feed of 10,000 ppm NaCl. Temperature of feed and DS at 25°C. 
Firstly, as the concentration of the DS increases, so too will the water flux passing 
from the feed to the DS, and thus the rejection rate decreases. Secondly, it can be 
observed that the highest rejection rate can be seen for the set ups which produced the 
lowest flux (Draw 2 litres / min and Draw I litre / min). The lowest rejection can be 
observed for the set up which produced the highest flux (Feed I litre / min). Finally, at 
the lowest DS concentration, the difference between the lowest and highest rejection 
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rate is lower than the difference between the lowest and highest rejection rate at 
higher DS concentrations. 
6.2.2.3: VARY TEMPERATURE OF DRAW AND FEED ACROSS MEMBRANE 
The figures in this section display the results obtained for varying the temperature of 
both the 10,000 ppm NaCl feed solution and DS while maintaining the now of both 
solutions constant at 3 litres / min. 
From figure 6.19, for lower DS concentrations up to 0.8M, it is difficult to make a 
clear quantitative conclusion on the effect of varying the temperatures of the feed and 
draw solutions. 
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Figure 6.19: Concentration of OA vs. flux for varying temperatures of feed and DS. 
Experimental conditions: Feed of 10,000 ppm NaCl. Flow of feed and DS at 3 litres / min. 
For higher DS concentrations, it can be deduced that increasing the temperature of the 
feed solution will increase the flux. As the temperature of the feed is increased, the 
movement and speed of the water molecules will increase. Furthermore, by increasing 
the temperature of the feed, the effect of ECP will be minimised (McCutcheon [2], 
2006). The adverse effect of this is the increased osmotic pressure of the feed 
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solution, however it can be seen from the figure that the benefit of increasing the 
temperature is greater than the disadvantage. 
For higher DS concentrations above I. OM, by increasing the temperature of the feed 
from 15°C to 25°C while maintaining the temperature of the DS at 25°C, the flux 
increases by up to 50%. By increasing the temperature of the feed from 25°C to 35°C 
while maintaining the temperature of the DS at 25°C, the flux increases by almost 
15%. It can be deduced that the flux increases by up to 5% per degree Celsius 
increase in feed water temperature. 
By increasing the temperature of the DS, the effect of dilutive ICP will be reduced 
and the osmotic pressure of the DS will increase. For DS concentrations above 1. OM, 
by increasing the temperature of the DS from 15°C to 25°C while maintaining the 
temperature of the feed at 25°C, the flux increases by up to 75%. By increasing the 
temperature of the DS from 25°C to 35°C while maintaining the temperature of the 
feed solution at 25°C, the flux increases by almost 30%. It can further be deduced that 
the flux increases by up to 7.5% per degree Celsius increase in DS temperature. 
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Figure 6.20: Concentration of OA vs. salt selectivity for varying temperatures of feed and DS. 
Experimental conditions: Feed of 10,000 ppm NaCl. Flow of feed and DS at 3 litres / min. 
Figure 6.20 represents the graph for OA concentration vs. Salt selectivity for varying 
feed and draw temperatures. The data shows that for low OA concentrations between 
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up to 1.0 M, as the DS concentration increases, the salt selectivity increases. As the 
draw concentration increases beyond this, the salt selectivity levels at about 99.99%. 
The data vaguely shows that salt selectivity is related to flux, in that the set ups which 
generated the lowest flux (Draw 15°C and Feed 25°C, Draw 25°C and Feed 15°C), 
showed the highest salt selectivity. 
Figure 6.21 of OA concentrations vs. water permeability can be clearly split into two 
sections. The first displays an increase in water permeability as the OA concentration 
increases up to 15 bar. The second section can be seen thereafter, in which the water 
permeability stabilizes producing a similar ratio of flux to osmotic pressure for higher 
OA concentrations. 
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Figure 6.21: Net Osmotic Pressure vs. A. for varying temperatures of feed and DS. 
Experimental conditions: Feed of 10,000 ppm NaCl. Flow of feed and DS at 3 litres / min. 
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Flux increases with increasing temperature primarily due to a decreased viscosity of 
water which increases the diffusion rate of water through the membrane. Thus the 
highest water permeability coefficient observed is for the set up which produces the 
highest flux (Draw 35°C) and the lowest water permeability coefficient is for the set 
up which produces the lowest flux (Draw 15°C). 
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Figure 6.22: Concentration of OA vs. Rejection Rate for varying temperatures of feed and DS. 
Experimental conditions: Feed of 10,000 ppm NaCl. Flow of feed and DS at 3 litres / min. 
From figure 6.22, as the concentration of the DS increases, so too will the water flux 
passing from the feed to the DS, and thus the rejection rate decreases. It can be 
observed that the highest rejection rate can be seen for the set ups which produced the 
lowest flux (Draw 15°C). The lowest rejection can be observed for the set ups which 
produced the highest flux (Draw 35°C or Feed 35°C). 
6.2.3: DRAW SOLUTION OF MgSO4 , FEED OF 40,000 ppm NaCl 
Sections 6.2.3.1 to 6.2.3.3 will display and discuss results obtained for varying 
membrane, flow and temperature with a feed solution of 40,000 ppm NaCl. The 
lowest OA concentration that will be used at the start of all experiments with a feed 
solution containing 40,000 ppm NaCl is 1.744 M as a lower OA concentration will 
exhibit minimal flux. 
6.2.3.1: VARY MEMBRANE 
The figures in this section display the results for a feed of 40,000 ppm NaCl while 
varying the flat sheet membrane used in the FO cell. The flow of both solutions is 
maintained at 3 litres / min and the temperature of both solutions constant at 25°C. By 
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doing this, it will be possible to determine the most favourable membrane type for 
further investigations on varying temperature and flow rate of both the feed and DS. 
Figure 6.23 illustrates that when the concentration of the draw is relatively low, all 
three membrane types produced similar flux. For high draw concentrations, a familiar 
pattern is established in which the NF membrane permits more than 100% more flux 
than the TFC-HR membrane and an increase in flux by more than 35% for the TFC- 
ULP membrane. The draw back to the high flux permitted with the NF membranes is 
the higher salt selectivity and rejection rate that are seen in figures 6.24 and 6.25 
respectively. 
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Figure 6.23: Concentration of OA vs. flux for varying membrane of the FO cell. 
Experimental conditions: Feed of 40,000 ppm NaCl. Temperature and flow of both feed and DS at 
25°C and 3 litres / min respectively. 
Figure 6.24 shows that both RO membranes exhibit similar salt selectivity at 
approximately 99.5%, however with the NF membrane, the salt selectivity is 
considerably lower at approximately 98.3%. 
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Figure 6.24: Concentration of OA vs. Salt Selectivity for varying membrane of the FO cell. 
Experimental conditions: Feed of 40,000 ppm NaCl. Temperature and flow of both feed and DS at 25°C and 
3 litres / min respectively. 
From figure 6.25, as the concentration of the DS increases, so too will the water flux 
passing from the feed to the DS, and thus the rejection rate decreases. Earlier, figure 
6.23 showed that the larger pore sizes of the NF membrane allows up to 100% more 
flux than the TFC-HR membrane, but also permit a higher percentage of salts to pass 
through. For high draw concentrations, which exhibited a high flux, the rejection rate 
for the NF membrane is as low as 90.3%. As discussed earlier, it can be noticed that 
this rejection rate is much lower than the advertised rejection rate from koch 
membranes which is based on using ideal conditions. 
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Figure 6.25: Concentration of OA vs. Rejection Rate for varying membrane of the FO cell. 
Experimental conditions: Feed of 40,000 ppm NaCI. Temperature and flow of both feed and DS at 25°C and 3 litres / min respectively. 
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The only clear conclusion which can be reached from figure 6.26 is that water 
permeability increases with net osmotic pressure however as discussed earlier, this is 
only an initial increase when the net osmotic pressure is low. When the osmotic 
pressure of the draw becomes significantly higher than the osmotic pressure of the 
feed, the water permeability is expected to level out as it has done in previous figures. 
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Figure 6.26: Net Osmotic Pressure vs. A,, for varying membrane of the FO cell. 
Experimental conditions: Feed of 40,000 ppm NaCl. Temperature and flow of both feed and DS at 
25°C and 3 litres / min respectively. 
In conclusion, the NF membrane gave a higher flux at high DS concentration than the 
RO membranes, however it also permitted a considerably higher percentage of 
MgSO4 and NaCI through the membrane showing a low rejection rate and salt 
selectivity. Both RO membranes showed similar salt selectivity and rejection rates; 
however the TFC-ULP RO membrane showed more than 50% higher flux than the 
TFC-HR RO membrane. From these conclusive results, the TFC-ULP RO membrane 
was used for further investigation for varying the flow rates and temperature of the 
feed and DS. 
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6.2.3.2: VARY FLOW OF DRAW AND FEED ACROSS MEMBRANE 
The figures in this section display the results obtained for varying the flow of both the 
feed and draw solutions while maintaining the temperature of both solutions constant 
at 25°C. 
From figure 6.27, as the OA concentration is increased, so too does the water flux 
through the membrane. This has been the conclusion that has been drawn from all 
experimental set ups; when either using the feed of deionized water, 10,000 ppm 
NaCl or 40,000 ppm NaCl. In this case, the feed solution has a high osmotic pressure, 
thus the net osmotic pressure is considerably lower than when deionized water or 
10,000 ppm NaCI solution was used and for this reason, the flux achieved is 
comparably lower to previous set ups. 
Conce rdradon of OA vs Flux 
2.5 
f Q-aw 3 litres / rrin, Feed 3litres / min 
" Das, 2 litres / rrin, Feed 3 litres / rrin 
A Draw 1 litre / nin, Feed 3 litres / rrin 
" Llav 3 litres / min, Feed 2 litres / nir 
Q Qav 3 litres / nin, Feed 1 litre / rrin 
2.0 
FEED: "  
1.5 40,000 ppm NaCl 
"Q 
QA 
1.0 A 
"iý 
L 
:: 
CIA 
" 
01 
1 . 
7 1.8 1.9 2.0 2.1 
OA Qono"ritratlon (INA 
Figure 6.27: Concentration of OA vs. flux for varying flow of feed and DS. 
Experimental conditions: Feed of 40,000 ppm NaCl. Temperature of feed and DS at 25°C. 
The data shows that the lowest flux produced is when the flow of either the feed or 
DS is set at their lowest flow; at 1 litre / min. By decreasing the flow of the DS from 3 
litres / min to I litre / min, the flux through the membrane is almost halved. The 
change in flux can be related to dilutive ECP on the DS side of the membrane. As the 
flow of the DS across the membrane is increased, the effect of dilutive ECP will be 
minimised and this can be seen from the figure above. 
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It can also be seen that for high DS concentrations, by decreasing the flow of the feed 
from 3 litres / min to 1 litre / min, the flux decreases by almost 40%. In previous set 
ups, when the feed solution had a low flow rate, this created a relatively higher flux, 
however in this case the feed solution contains a high concentration of NaCl. This 
lower flow of the feed solution will have an adverse effect on the flux produced as 
this will create concentrative ECP in the feed side, thus increasing the osmotic 
pressure of the feed solution near the membrane surface as well as restricting the 
water flow through the membrane pores. This supports (McCutcheon [3] 2006) in that 
concentrative ECP on the feed side only has a minor effect on driving force unless the 
feed concentration and/or the permeate flux was relatively high. 
Figure 6.28 represents the data for OA concentration vs. Salt selectivity for a feed 
solution containing 40,000 ppm NaCl and varying feed and draw flow rates. The 
figure does not give a clear conclusion on either the effect of concentration or flow on 
salt selectivity as the data does not follow a set pattern and thus establishing a further 
conclusion cannot be made. 
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Figure 6.28: Concentration of OA vs. Salt selectivity for varying flow of feed and DS. 
Experimental conditions: Feed of 40,000 ppm NaCl. Temperature of feed and DS at 25°C. 
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Figure 6.29: Net Osmotic Pressure vs. AN, for varying flow of feed and DS. 
Experimental conditions: Feed of 40,000 ppm NaCl. Temperature of feed and DS at 25°C. 
Figure 6.29 compares Net osmotic pressure vs. water permeability for varying flow 
and a feed containing 40,000 ppm NaCl. As compared to previous figures of Net 
osmotic Pressure vs. water permeability, it appears that the water permeability will 
increase for low net osmotic pressures before levelling out. The plot of points that can 
be seen here represent the increase that has been seen in the initial stage of the other 
figures and displays the ratio of flux to Osmotic pressure to be > 1. 
The rejection rate from figure 6.30 is relatively low when compared to earlier 
experimental results involving deionized water or 10,000 ppm NaCI as the feed. This 
is expected since a higher concentration of NaCl will pass with the water molecules 
and be integrated in the DS. 
The highest rejection rate is usually produced for experiments which permitted the 
lowest flux, however as the flux is very similar for varying the flow of the feed and 
DS, the rejection rate is also similar. Thus the only conclusion which can be made is 
that increasing the OA concentration will increase the net osmotic pressure, and thus 
the water flux passing from the feed to the DS will increase, in turn reducing the 
rejection rate. 
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Figure 6.30: Concentration of OA vs. Rejection Rate for varying flow of feed and DS. 
Experimental conditions: Feed of 40,000 ppm NaCl. Temperature of feed and DS at 25°C. 
6.2.3.3: VARY TEMPERATURE OF DRAW AND FEED ACROSS MEMBRANE 
The figures in this section display the results obtained for varying the temperature of 
both the feed and DS while maintaining the flow of both solutions constant at 3 litres / 
min. 
When comparing figures 6.27 and 6.31, it can be seen that the effect of varying the 
temperature of the feed or DS is more visible than the effect of varying flow. 
For high DS concentrations, by increasing the temperature of either the feed or draw 
from 15°C to 35°C while maintaining the temperature of the draw and feed at 25°C 
respectively, the flux more than doubles, which accounts to an increase in flux of 
more than 5% per degree. By increasing the temperature of the DS, the effect of 
dilutive ICP will be reduced and the osmotic pressure of the DS will increase. The 
high flux produced by increasing the temperature of the feed can be related to the 
decrease in the viscosity and increase in movement of the water molecules. 
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Figure 6.31: Concentration of OA vs. flux for varying temperature of feed and DS. 
Experimental conditions: Feed of 40,000 ppm NaCl. Flow of feed and DS at 3 litres / min. 
Figure 6.32 represents the data for OA concentration vs. Salt selectivity for varying 
feed and draw temperatures. A clear comparison cannot be made to determine the 
effect of varying the temperature of the feed or DS on salt selectivity. The general 
trend illustrates an increase in salt selectivity as the OA concentration increases. The 
figure vaguely displays salt selectivity being related to flux, in that the set ups which 
generated the lowest flux (Draw l5°C and Feed 25°C, Draw 25°C and Feed 15°C), 
showed the highest salt selectivity. 
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Figure 6.32: Concentration of OA vs. Salt Selectivity for varying temperature of feed and DS. 
Experimental conditions: Feed of 40,000 ppm NaCl. Flow of feed and DS at 3 litres / min. 
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Figure 6.33 gives a clear indication that the water permeability is related to flux. 
Figure 6.28 showed that the highest flux was seen for the set up in which the DS was 
fixed at 35°C and the lowest flux was seen for the set up in which the DS was fixed at 
15°C. Figure 6.35 shows that the highest water permeability was seen for the set up 
which produced the highest flux and the lowest water permeability was seen for the 
set up which produced the lowest flux. 
The data also displays the water permeability increases with net osmotic pressure 
however as discussed earlier, this is only an initial increase, and when the osmotic 
pressure of the draw becomes significantly higher than the osmotic pressure of the 
feed, the water permeability is expected to level out as it has done in previous figures 
for a feed of deionized water or 10,000 ppm NaCl. 
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Figure 6.33: Net Osmotic Pressure vs. A,,, for varying temperature of feed and DS. 
Experimental conditions: Feed of 40,000 ppm NaCl. Flow of feed and DS at 3 litres / min. 
The rejection rate from figure 6.34 is relatively low when compared to earlier 
experimental results involving deionized water or 10,000 ppm NaCl as the feed. This 
is expected since a higher concentration of NaCl will pass with the water molecules 
and be integrated in the DS. 
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Figure 6.34: Concentration of OA vs. Rejection Rate for varying temperature of feed and DS. 
Experimental conditions: Feed of 40,000 ppm NaCl. Flow of feed and DS at 3 litres / min. 
Two conclusions can be made from the data. Firstly, the OA concentration will 
increase the net osmotic pressure, and thus the water flux passing from the feed to the 
DS will increase, in turn reducing the rejection rate. Secondly, the lowest rejection 
rate is produced for experiments which produced the highest flux, and this can be seen 
by the low rejection rate for experiments in which the temperature of the draw or feed 
solution was maintained at 35°C. 
6.2.4: COMPARISON OF RESULTS FOR VARYING CONCENTRATION OF FEED 
To be able to examine the effect varying the feed solution has on the quality and 
quantity of water produced, this section will display and discuss results obtained for 
varying feed solution concentrations, while maintaining the flow and temperature of 
both feed and DS at 3 litres / min and 25°C respectively and using the TFC-ULP RO 
membrane. Figures for the other types of membranes are similar and thus can be 
found in Appendix F. 
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Figure 6.35: OA concentration vs. flux for varying feed concentrations. 
Experimental conditions: Temperature and flow of both feed and DS at 25°C and 3 litres / min 
respectively. 
It can clearly be seen from figure 6.35 that the highest flux for a given DS 
concentration is exhibited when the feed contains deionized water. This is anticipated, 
as deionized water has no osmotic pressure and thus the net osmotic pressure is 
equivalent to the osmotic pressure of the DS alone. When the feed solution contains 
NaCl, the net osmotic pressure is equivalent to the difference between the draw and 
feed solutions, thus the net osmotic pressure will be less than the osmotic pressure of 
the DS. Figure 6.36 displays the data of net osmotic pressure vs. flux for the different 
feed concentrations. 
Assuming the water permeability coefficient, AW, is constant in all experiments, a 
proportional increase in flux with increasing osmotic driving force can be expected, 
regardless of feed solution concentration. The data, however, suggests that feed 
solution concentration may be a key parameter that influences water flux in the FO 
process. The data in figure 6.35 indicate that for similar differences in osmotic 
pressure between the bulk feed and draw solutions (net osmotic pressure), higher 
concentration feed solutions produce less flux. We must consider, however, that 
higher concentration feed solutions require a more concentrated DS to achieve the 
same theoretical osmotic driving force. This phenomenon, therefore, may not be a 
feed salinity effect however the DS may also play a role. 
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Figures 6.35 and 6.36 both show that similar trends and slope can be seen for a feed 
of either deionized water or 10,000 ppm NaCl; however for a feed of 10,000 ppm 
NaCl, no flux is recorded until the net osmotic pressure is sufficient to force a 
significant amount of water through the membrane and into the DS. The first 
significant flux readings can be seen where the concentration of the DS is 0.67M; 
equivalent to an osmotic pressure of approximately 15.3 bar, which will be equivalent 
to a net osmotic pressure in the region of 7.5 bar. 
A similar situation arises for a feed of 40,000 ppm NaCl which exhibits an osmotic 
pressure of 31.6 bar. The first significant flux readings can be seen where the 
concentration of the DS is 1.91 M, this is equivalent to an osmotic pressure of 
approximately 48 bar, which will be equivalent to a net osmotic pressure in the region 
of 16.4 bar. 
When the feed solution contains NaCl, the effect of concentrative ECP will occur. 
Concentrative ECP relates to the phenomena in which there is a build up of solutes on 
the active layer of the feed solution side of the membrane causing both an increase in 
the osmotic pressure of the feed solution near the surfaced as well as restricting the 
water flow through the membrane pores. As the concentration of the feed increases, 
the effect of concentrative ECP is likely to increase. 
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Figure 6.36: OA concentration vs. Net Osmotic Pressure for varying feed concentrations. 
Experimental conditions: Temperature and flow of both feed and DS at 25°C and 3 litres / min 
respectively. 
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This can be confirmed from figure 6.36 which shows a significant increase in the net 
osmotic pressure required when using feed solutions of high concentrations. The net 
osmotic pressure for a feed of 40,000 ppm must be significantly higher than with a 
feed containing 10,000 ppm to produce similar flux. E. g.: To produce a flux of 2 litres 
/ min for a feed of 40,000 ppm NaCl, the net osmotic pressure required is more than 
20 bar, however for a feed of 10,000 ppm NaCl, the net osmotic pressure required is 
in the region of 12.5 bar. It can thus be concluded that as the concentration of the feed 
is increased, a relatively higher net osmotic pressure is required. 
The data thus illustrates that increasing the DS concentration leads to a decrease in the 
percentage utilization of the available bulk osmotic driving force, which can be 
related to an increase in the severity of the dilutive internal CP. 
Figure 6.37 illustrates that the salt selectivity is similar when the feed is deionized 
water or 10,000 ppm NaCl and is constantly above 99.9%. When 40,000 ppm NaCI is 
used as the feed, the salt selectivity drops substantially by up to 0.5% which can be 
related to the lower flux produced. At higher DS concentrations, when the flux 
increases, the salt selectivity can be expected to rise significantly. 
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Figure 6.37: OA concentration vs. Salt selectivity for varying feed concentrations. 
Experimental conditions: Temperature and flow of both feed and DS at 25°C and 3 litres / min 
respectively. 
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The data from figure 6.38 show that the water permeability follows a similar trend for 
a feed of both deionized water and 10,000 ppm NaCl. An initial stage in which the 
water permeability increases with net osmotic pressure is followed by a stage in 
which the water permeability levels out. However, the graph for a feed of 40,000 ppm 
is in the early stages in which the water permeability increases with net osmotic 
pressure, with latter stages expecting to show the water permeability levelling out. 
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Figure 6.38: Net Osmotic Pressure vs. AN, for varying feed concentrations. 
Experimental conditions: Temperature and flow of both feed and DS at 25°C and 3 litres / min 
respectively. 
Figure 6.39 shows that as the OA concentration increases, more water will pass from 
the feed to the DS, thus the rejection rate decreases. More significantly, it can be seen 
that the rejection rate for a feed containing 10,000 ppm NaCl is lower than that for a 
feed containing 40,000 ppm NaCl. When 40,000 ppm NaCI feed was used, although 
more NaCl passed into the DS from the feed solution, this was a relatively lower 
percentage than the amount of NaCl that passed from the feed solution to the DS 
when the feed used was 10,000 ppm NaCl. 
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Figure 6.39: OA concentration vs. Rejection Rate for varying feed concentrations. 
Experimental conditions: Temperature and flow of both feed and DS at 25°C and 3 litres / min 
respectively. 
6.2.5: COMPARISON OF RESULTS BETWEEN MgSO4 AND NaCl AS DRAW 
SOLUTIONS 
Experiments were carried out using NaCl as the DS. The data from these experiments 
will put into perspective the data for MgSO4 as the DS. The data gathered from these 
experiments were compared to MgSO4 under similar conditions (membrane: TFC- 
ULP, flow and temperature of feed and DS maintained at 3 litres / min and 25°C 
respectively) while varying the concentration of NaCl from 2.053M to 0.342M. 
Experiments were first conducted using deionised water as the feed, then using 
10,000ppm NaCl as the feed. 
Figure 6.40 shows that for a given concentration of MgSO4 or NaCI above 0.6M and 
under similar conditions, the flux permitted through the membrane is higher for NaCl 
as the DS. For this given range in OA concentration, the osmotic pressure of any 
concentration of NaCl is almost twice that of the same concentration of MgSO4. The 
data shows that in the case of deionised water as the feed, the difference in flux 
produced between NaCl and MgSO4 for an identical molar concentration peaked at 
only approximately 60% higher. Figure 6.41 shows that for higher osmotic pressures, 
the effect of increasing the osmotic pressure of the DS on the flux diminishes. This 
levelling out in flux at higher DS concentration as seen in figure 6.41 can be 
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associated to the effect of both dilutive and concentrative ECP at the draw and feed 
side respectively. 
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Figure 6.40: OA concentration vs. flux for varying DS concentrations of MgSO4 and NaCl and varying feed. 
Experimental conditions: Temperature and flow of both feed and DS at 25°C and 3 litres / min respectively. 
Membrane: TFC-ULP. 
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Figure 6.41: Net Osmotic Pressure vs. flux for varying DS concentrations of MgSO4 and NaCl and varying feed. 
Experimental conditions: Temperature and flow of both feed and DS at 25°C and 3 litres / min respectively. 
Membrane: TFC-ULP. 
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Although figure 6.40 showed that for similar concentration, NaCI produced higher 
flux rates, figure 6.41 shows that for a given net osmotic pressure, MgSO4 produces a 
similar flux than NaCI which demonstrates that in this case, the flux achieved is 
independent on molecule size, but rather on osmotic pressure. 
Figure 6.42 demonstrates similar trends for NaCl and MgSO4 as the DS for the effect 
of OA concentration on water permeability. An increase in water permeability can be 
seen for both DS's as the OA concentration increases up to I. OM. For higher DS 
concentrations, the water permeability levels out, or slightly decreases in the case of 
NaCl. This shows that as the concentration of NaCl increases, the flux achieved per 
addition of pressure is decreased. This confirms the leveling out in flux that can be 
seen for higher concentrations in NaCl and confirms the presence of CP. 
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Figure 6.42: OA concentration vs. AH for varying DS concentrations of MgSO4 and NaCI and varying feed. 
Experimental conditions: Temperature and flow of both feed and DS at 25°C and 3 litres / min respectively. 
Membrane: TFC-ULP. 
Figures 6.40 to 6.42 confirm that for identical concentrations, NaCl has a much higher 
osmotic pressure to MgSO4 and will thus produce a higher flux. It is worth noting 
however, that for identical osmotic pressures, MgSO4 produced a similar flux at 
similar conditions to NaCl. This shows that MgSO4 is a suitable OA for this research 
and confirms its suitability for the latter stage in the MOD process. 
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7. CONCLUSIONS 
This research was undertaken to examine the water quantity and quality produced 
when using MgSO4 as the OA and varying the feed salinity in a Forward Osmosis 
process. The effect of varying the flow and temperature of the feed and draw solutions 
was also examined on the bench scale rig. Finally, the quality and quantity of water 
produced was determined using different types of membranes. The experimental 
results produced were the core of this research, and will assist in the scale up of the 
Manipulated Osmosis Desalination (MOD) technology, being developed at the Centre 
for Osmosis Research and Applications (CORA) and in collaboration with Modem 
Water plc. The MOD process is expected to improve membrane based desalination 
methods by improving membrane productivity, reduce energy use and improve the 
pre-treatment process by reducing the consumption of chemicals. Specific benefits 
from the proposed novel technology include significant reductions in capital and 
operating costs and brine disposal. 
In this chapter, the experimental results of this dissertation are summarized, 
highlighting the importance and the implications of these results. The chapter 
concludes the findings of the FO experiments with effect the variables investigated 
have on the quality and quantity of water produced. 
From all the FO experimental results, it was concluded that the water flux through the 
membrane increased as the concentration and osmotic pressure of the DS increased. 
Key parameters effecting this theory will include varying the flow or temperature of 
the feed and draw solutions, varying the membrane or varying the feed solution 
concentration. All these are key parameters that influence water flux in the FO 
process. 
Section 7.1 will discuss the conclusions reached on salt selectivity, water permeability 
and rejection rate, all of which are dependant on flux. Sections 7.2,7.3 and 7.4 will 
discuss the effect of flow, temperature and membrane type on flux achieved for a feed 
of deionized water, 10,000 ppm NaCl and 40,000 ppm NaCl respectively. Section 7.5 
will examine what the effect of varying the feed solution has on the quality and 
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quantity of water produced. In this section, to keep all other parameters constant, the 
flow and temperature of both feed and draw solutions were maintained at 3 litres / 
min and 25°C respectively. 
7.1: SALT SELECTIVITY, WATER PERMEABILITY AND REJECTION: 
" Salt Selectivity: From the experimental data, it can be concluded that for low 
net osmotic pressures (low concentrations of DS) which generated low flux, 
the salt selectivity was relatively lower than when high DS concentrations 
were used. As the net osmotic pressure (and DS concentration) is increased, 
thus increasing the flux, the salt selectivity levels out. 
Experimental results also showed that salt selectivity is not affected 
individually by flow rate, temperature or membrane type used. Salt 
selectivity is related to flux, and the set up generating the highest flux will 
produce the lowest salt selectivity. 
It can also be concluded that the NF membrane produced a lower salt 
selectivity than the RO membranes. This can be due to the larger pore sizes 
that can be associated with this membrane. 
" Water Permeability: Water permeability is equivalent to the ratio of flux and 
net osmotic pressure, and thus is too related to flux. For low net osmotic 
pressures (low concentration of DS) which generated low flux, the water 
permeability was relatively low. As the net osmotic pressure (and DS 
concentration) is increased, thus increasing the flux, the water permeability 
increases then levels out. 
" Rejection Rate: As the flux through the membrane is increased, the rejection 
rate decreases. This is due to the higher concentration of NaCl that will pass 
with the water molecules and be integrated in the DS. It was expected that the 
NF membrane which showed the highest flux compared to the RO 
membranes, produced the lowest rejection rate. 
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7.2: EFFECT OF FLOW, TEMPERATURE AND MEMBRANE TYPE - FEED 
OF DEINOIZED WATER 
Effect of membrane type on flux: 
Experimental data showed that the TFC-ULP membranes gave a slightly higher flux 
that the TFC-HR membrane. A larger difference in flux was not observed and this can 
be attributed to the fact that these membranes were made to work under different 
pressures, however the experiments were conducted with no pressure difference 
between the feed and DS. 
Under similar conditions the NF membrane can permit up to 80% more flux than the 
TFC-HR membrane. This is expected as the NF membranes have larger pore sizes to 
permit more water molecules than the RO membrane. The draw back to the high flux 
permitted with the NF membranes is the higher salt passed through the membrane into 
the DS. 
Effect of varying flow on flux: 
Varying the feed flow across the membrane showed that as the flow of the deionized 
water decreases, the water molecules have a higher residence time in contact with the 
membrane, thus generating a higher flux. 
As the flow of DS is increased, the flux of water through the membrane increases. 
Although the effect of ECP is minimal, this phenomena can be associated to dilutive 
ECP of the DS near the surface of the membrane whereby when there is a high flow 
of the DS near the membrane, the effect of dilutive ECP will be minimised. 
Effect of varying temperature on flux: 
As the temperature of the deionized water is increased, the viscosity of the water will 
decrease and the movement and speed of the molecules will increase. These factors 
will result in the increase of the diffusion rate of water through the membrane. It can 
be deduced that the flux increases by up to 5% per degree Celsius increase in feed 
water temperature. 
For higher DS concentrations, an increase in the temperature of the DS will increase 
the flux of water passing from the feed to the DS. This is expected as increasing the 
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temperature will reduce the effect of ICP and ECP as well as increasing the osmotic 
pressure of the DS which in turn will draw more water from the feed. It can be 
deduced that the flux increases by up to 10% per degree Celsius increase in DS 
temperature. 
7.3: EFFECT OF FLOW, TEMPERATURE AND MEMBRANE TYPE - FEED 
OF 10,000 ppm NaCI 
Effect of membrane type on flux: 
The data showed once again that both RO membranes gave similar flux. However, 
under similar conditions the NF membrane can permit up to 47% more flux than 
either of the other two RO membranes. The draw back to the high flux permitted with 
the NF membranes is the higher salt passed through the membrane into the DS. 
Effect of varying flow on flux: 
For low OA concentrations, there is a linear relationship between concentration and 
flux, however varying the flow had no noticeable change in flux produced. For higher 
OA concentrations, decreasing the flow of the feed will allow the water molecules to 
have a higher residence time in contact with the membrane, thus generating a higher 
flux. The disadvantage of the lower flow of the feed solution is that this will create 
concentrative ECP in the feed side. This concentrative ECP will cause a build up of 
solutes which will both restrict the water flow through the membrane pores as well as 
increasing the osmotic pressure of the feed solution near the membrane surface. 
Nevertheless, the advantages of reducing the flow of the feed outweigh the 
disadvantages and thus will permit more flux through the membrane. 
For higher OA concentrations, as the flow of DS is decreased the flux of water 
through the membrane decreases. The low flux observed can be associated to dilutive 
ECP on the DS side of the membrane. As the flow of the DS across the membrane is 
increased, the effect of dilutive ECP will be minimised. 
Effect of varying temperature on flux: 
As the temperature of the feed is increased, the viscosity of the water molecules will 
decrease, the movement and speed of the molecules will increase and the effect of 
ECP will be minimised. These factors will result in the increase of the diffusion rate 
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of water through the membrane. It can be deduced that the flux increases by up to 5% 
per degree Celsius increase in feed water temperature. 
For higher DS concentrations, an increase in the temperature of the DS will increase 
the flux of water passing from the feed to the DS. This increase in DS temperature 
will reduce the effect of ICP and ECP as well as increase the osmotic pressure of the 
DS which in turn will draw more water from the feed. It can be deduced that the flux 
increases by up to 7.5% per degree Celsius increase in DS temperature. 
7.4: EFFECT OF FLOW, TEMPERATURE AND MEMBRANE TYPE - FEED 
OF 40,000 ppm NaCI 
Effect of membrane type on flux: 
Similar to previous results, the NF membrane permitted more flux than the RO 
membranes, allowing under certain conditions, twice the flux displayed by either of 
the RO membranes. 
Effect of varying flow on flux: 
Unlike previous set ups with feed solutions of deionized water or 10,000 ppm NaCl, 
by decreasing the flow of the feed, the flux produced is decreased. Concentrative ECP 
will cause a build up of solutes near the feed side of the membrane which will both 
restrict the water flow through the membrane pores as well as increasing the osmotic 
pressure of the feed solution near the membrane surface. By increasing the flow of the 
feed, the effect of concentrative ECP is minimized. 
As the flow of DS is decreased, the flux of water through the membrane decreases. 
The low flux observed can be associated to dilutive ECP on the DS side of the 
membrane. As the flow of the DS across the membrane is increased, the effect of 
dilutive ECP will be minimised. 
Effect of varying temperature on flux: 
Although experiments with a feed of 40,000 ppm were few, a conclusion can still be 
reached on the effect of temperature on flux. As the temperature of the feed or draw is 
increased, the diffusion rate of water through the membrane is increased. Figure 6.31 
shows the flux produced is slightly greater for a draw of 35°C than for a feed of 35°C. 
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7.5: EFFECT OF VARYING FEED CONCENTRATION ON FLUX 
To be able to examine the effect varying the feed solution has on the quality and 
quantity of water produced, the flow and temperature of both feed and draw solutions 
were maintained at 3 litres / min and 25°C respectively and using the TFC-ULP RO 
membrane. 
The data shows that the highest flux for a given DS concentration is exhibited when 
the feed contains deionized water. This is anticipated, as deionized water has no 
osmotic pressure and thus the net osmotic pressure is equivalent to the osmotic 
pressure of the DS alone. When the feed solution contains NaCl, the net osmotic 
pressure is equivalent to the different between the draw and feed solutions, thus the 
net osmotic pressure will be less than the osmotic pressure of the DS. 
The data indicated that for similar differences in osmotic pressure between the bulk 
feed and DS (net osmotic pressure), higher concentration feed solutions produce less 
flux. We must consider, however, that higher concentration feed solutions require a 
more concentrated DS to achieve the same theoretical osmotic driving force. This 
phenomenon, therefore, may not be a feed salinity effect however the DS may also 
play a role. 
When the feed solution contains NaCl, the effect of concentrative ECP will occur. As 
the concentration of the feed increases, the effect of concentrative ECP is likely to 
increase. Furthermore, the data showed that increasing the DS concentration leads to a 
decrease in the percentage utilization of the available bulk osmotic driving force, 
which can be related to an increase in the severity of the dilutive internal CP. 
7.6: SUMMARY 
It was concluded that membrane productivity is sensitive to changes in feed and DS 
temperatures; more so for the DS. As temperature increases, water flux increases 
almost linearly, due primarily to the higher diffusion rate of water through the 
membrane. The draw back is that the increased temperature also resulted in lower salt 
rejection and salt selectivity due to a higher diffusion rate of salt through the 
membrane. 
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Osmotic pressure is a function of the type and concentration of salts contained in feed 
water. As the concentration of salt increases, the osmotic pressure of the feed solution 
also increases. The quantity of DS driving pressure necessary to reverse the natural 
direction of osmotic flow is, therefore, largely determined by the level of salts in the 
feed water. Higher salt concentration results in lower membrane water flux, which 
causes an increase in the salt passage through the membrane (decrease in rejection). 
It was determined that both ECP and ICP played major roles in the reduction of the 
osmotic driving force in the FO experiments. By varying the flow of the DS, it was 
concluded that dilutive ECP had a significant impact on the osmotic driving force. 
Concentrative ECP on the feed side was determined to have a minor effect on driving 
force unless the feed concentration or the permeate flux was relatively high. 
Previous studies have shown that the prime obstacle in the progression of FO being 
used in desalination is the presence of ICP. The effect of dilutive ICP was found to 
have a significant impact on the driving force due mostly to the fact that the 
phenomenon was acting on the concentrated DS. Results have shown that as the 
temperature of the DS is increased, the flux through the membrane also increased and 
this can be partly contributed to the reduction in the effect of dilutive ICP. Although 
an increase in temperature reduces the effect of dilutive ICP, the adverse effect is that 
it may accelerate the rate of membrane degradation. 
This study has demonstrated that both RO and NF membranes can be used effectively 
for FO. The performance data show that in spite of dilutive ICP, water flux is still 
reasonably high. The FO system was shown to perform well in terms of NaCI 
rejection and its ability to operate at high feed concentrations, simulating operation 
for sea water desalination. While overall performance of the FO process was 
satisfactory, the membranes tested in this study are not optimal for this process since 
its primary use is for RO applications. The development of a semi-permeable 
membrane having high salt rejection, desirable water permeation flux and as well as 
reducing the effect of ICP will lead to improved performance of this forward osmosis 
desalination process. 
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Although MgSO4 has a considerably lower osmotic pressure to NaCl, and for similar 
DS concentration produced lower fluxes, MgSO4 has proven to have a high osmotic 
efficiency, high solubility in water and has a high molecular weight which will be 
vital in the next stage of the MOD process involving the NF process. This will 
determine how easily and inexpensively MgSO4 can be separated to yield potable 
water, without being consumed in the process. 
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8.1: RECOMMENDATIONS TO CONTINUING WORK 
Although the bench scale rig used produced satisfactory results, a number of 
enhancements to the rig can be advised to assist in further research. 
" During the experiments, the temperature was constantly monitored by way of 
a thermometer and controlled manually. Controlling the temperature of the 
solutions by way of a thermistor and a refrigerated recirculator, or by way of 
placing the solutions in a controlled temperature water bath will assist the 
researcher. 
" Rig to include spacers which will cause turbulence within the system and thus 
reduce the effect of ECP. 
Below is a list of further research which will investigate variables that can improve 
the water quality and quantity. 
9 The findings of this research are limited to a single OA. Further research should be 
conducted to demonstrate the influence and effect of other OA. 
" The OA concentration at the start of each experiment was fixed regardless of the 
feed. Higher OA concentrations should be investigated for high feed 
concentrations. 
9 Determine the effect of varying the pressure on the feed and DS. 
9 Most FO research is based on flat sheet configuration, thus research on different 
membrane modules to include hollow fibre configurations will be beneficial. 
9 Determine the effects of pH on water quality and quantity. 
" The amount of recovered water depends on the surface area of the membrane that 
is in contact with the solution. Larger surface areas will produce higher permeate 
flow-rates, however mixing will become a difficult issue to overcome. Research 
into the effect of increasing membrane area can be investigated. 
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" The feed solution used to resemble sea water was a 40,000 ppm solution of NaCl. 
Seawater contains other salts, thus further research should aim at determining the 
effect the other salts have on the water quality and quantity as well as the effect 
they may have on the membranes used. 
8.2: RECOMMENDATIONS FOR IMPROVING RESEARCH 
The increased attention to FO from various disciplines arises from the fact that FO 
can be employed in many fields of science and engineering. 
NF membranes are a relatively recent development in the field of FO membrane 
separation. These membranes typically have much higher water fluxes at low 
pressures compared to traditional RO membranes; however the disadvantage to using 
NF membranes is the low salt rejection. Enhancement to membrane technology can 
be in the way of improving current membranes or producing new membranes specific 
to the requirement. Specific membranes for FO will greatly benefit the field in that it 
will aim to develop new membranes which provide high water permeability, high 
rejection of solutes, substantially reduced ICP, high chemical stability, and high 
mechanical strength. Currently, the only commercialized FO membrane is developed 
by Hydration Technologies Inc. Future research should concentrate on developing 
high-density packing methods for well-performing flat-sheet FO membranes. 
At present, most available membranes used in FO are dense semi-permeable RO 
membranes which increase the effect of ICP. As the membranes become thinner and 
more permeable, their performance ratio will increase, allowing for increased water 
fluxes at decreased DS concentrations. Recent research has proved this and 
demonstrated that for specific FO membranes in which no fabric backing layer was 
used, flux was over ten times higher than that of fabric-backed RO membranes of 
similar chemistry (McGinnis, 2007). 
Further areas of membrane enhancement can reduce fouling, enhance membrane 
stability and improve tolerance to elevated temperatures. Work has concentrated on 
modifying the surface of the membrane to reduce fouling. This would make 
membranes even more cost effective by extending their operational lifetime and 
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lowering their energy requirements. Current membranes degrade when in contact with 
chlorine, thus the pre-treatment step which involves dechlorination is vital to 
membrane life and stability. By improving the tolerance of the membrane to chlorine, 
the operating costs of the pre-treatment dechlorination steps will be reduced. Results 
showed that increasing temperatures of the feed and DS improved water flux. It is 
thus vital for a membrane to tolerate elevated temperatures which will further assist 
during cleaning operations because it permits use of stronger, faster cleaning 
processes. 
Finally, research must continue into the development of a superior OA that has a large 
molecular weight and can induce high osmotic pressures. Most desirable are OA 
solutions that require low energy for regeneration, that are easily separable from the 
product fresh water, that have low or no toxicity, and that are chemically non-reactive 
with polymeric membranes. 
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Below is a list of the tables and figures which will be found in Appendix A. 
FIG DESCRIPTION 
A. 1 Data obtained for the 7 experiments conducted 
A. 2 Table of results for experiment 002A 
A. 3 Table of results for experiment 003A 
A. 4 Table of results for experiment 004A 
A. 5 Graph representing data from experiments, Concentration vs. flux. 
A. 6 Graphic representation comparing water flux and concentration. 
A complete set of 7 experiments were carried out using flat bed cell I at constant 
equal flow rate for both the feed and DS at 3 1/min using a flow meter. The cross 
sectional area of A=0.091275 m2 was measured by taking only the part of the 
membrane in contact with the solutions and not that covered by the support. Each 
experiment was run for 9 hours with samples taken every 30 minutes. 
To prepare the DS, various amounts of glucose was dissolved in deionized water 
using a hotplate; a heated magnetic stirrer. The molecular weight of glucose is 180 g/l, 
thus to produce aI molar solution of glucose, 180 grams will need to be dissolved in 
deionized water. The initial molar concentration of glucose ranged from 0.87M to 
0.5M and the final molar concentration ranged from 0.71 M to 0.15M. 
A refractometer was used to measure the refractive index of the glucose solution 
before, during and after the experiment. The refractive index of a medium is a 
measure of how much the speed of light is reduced inside the medium. By knowing 
the initial volume and molar concentration of the glucose solution, the refractive 
index was used to calculate the molar concentration and flux. Results are shown in 
Appendix A. 1. 
FLAT BED CELL I- RESULTS 
Ti. b Ai" rata nhtained for the 7 experiments conducted on flat bed cell I with glucose 
Experiment code - 
date 
Initial/Final 
Concentration (mol/L) 
Average Flux 
(l/mehr) 
time 
(hrs. ) 
Observations 
01A - 24' Jan. 05 0.82 -0.41 2.99 0.5 Membrane fail 
02A- Ist Feb. 05 0.74-0.62 0.364 0.5 Completed 
03A - 2nd Feb. 05 0.87-0.71 0.491 0.5 Completed 
04A - 3`d Feb. 05 0.63-0.56 0.243 0.5 Completed 
05A - 8th Feb. 05 0.52-0.28 1.660 0.5 Membrane fail 
06A - loth Feb. 05 0.60-0.15 >2 0.5 Membrane fail 
07A - 13 
`h Feb. 05 0.50-0.2 >2 0.5 Membrane fail 
As displayed in table A. 1,3 out of 7 experiments were completed satisfactorily. These 
covered the complete range of data between a concentration of 0.56 - 0.87 mol/1. As 
mentioned before a correction in the plaques design is to be done in order to avoid 
membrane damage. The orifices that act as exits in the inlet/outlet of the OA solution 
created a depression in the system that at times suctions the membrane into the holes 
causing scratches. These caused the membrane to fail as the pressure grew into small 
patches in the membrane. The individual results from experiments 02A, 03A and 04A 
are presented as follows: 
Table A. 2: Table of results for experiment 002A 
Time(hrs. ) 
Refraction 
Index 
Molar 
Concentration 
in mol/L 
Volume 
gained, 
litres 
Total Cumulative 
Volume, litres 
Flux in 
I/mehr 
0.00 1.3732 0.7385 0.0000 0.0000 0.0000 
0.50 1.3732 0.7385 0.0000 0.0000 0.0000 
1.00 1.3723 0.7225 0.0356 0.0356 0.7802 
1.50 1.3720 0.7171 0.0122 0.0478 0.2679 
2.00 1.3720 0.7171 0.0000 0.0478 0.0000 
2.50 1.3715 0.7082 0.0208 0.0686 0.4554 
3.00 1.3710 0.6992 0.0213 0.0899 0.4671 
3.50 1.3705 0.6903 0.0219 0.1118 0.4792 
4.00 1.3700 0.6814 0.0224 0.1342 0.4917 
4.50 1.3700 0.6814 0.0000 0.1342 0.0000 
5.00 1.3695 0.6724 0.0230 0.1573 0.5048 
5.50 1.3690 0.6635 0.0237 0.1809 0.5184 
6.00 1.3685 0.6546 0.0243 0.2052 0.5325 
6.50 1.3682 0.6492 0.0149 0.2201 0.3266 
7.00 1.3680 0.6456 0.0101 0.2302 0.2207 
7.50 1.3678 0.6421 0.0102 0.2404 0.2232 
8.00 1.3676 0.6385 0.0103 0.2507 0.2257 
8.50 1.3672 0.6313 0.0209 0.2716 0.4590 
9.00 1.3670 0.6278 0.0107 0.2823 0.2334 
Table A. 3: Table of results for experiment 03A. 
Time(hrs. ) 
Refraction Molar 
Index Concentration in 
mol/L 
Volume 
gained, 
litres 
Total Cumulative 
Volume, litres 
2 Flux in Ilm hr 
0.00 1.3810 0.8779 0.0000 0.0000 0.0000 
0.50 1.3805 0.8689 0.0164 0.0164 0.3604 
1.00 1.3800 0.8600 0.0168 0.0332 0.3679 
1.50 1.3795 0.8511 0.0171 0.0504 0.3756 
2.00 1.3790 0.8421 0.0175 0.0679 0.3836 
2.50 1.3785 0.8332 0.0179 0.0858 0.3918 
3.00 1.3780 0.8243 0.0183 0.1040 0.4003 
3.50 1.3770 0.8064 0.0378 0.1418 0.8272 
5.00 1.3755 0.7796 0.0599 0.2017 0.4373 
5.50 1.3748 0.7671 0.0294 0.2310 0.6436 
6.00 1.3740 0.7528 0.0348 0.2658 0.7617 
6.50 1.3731 0.7367 0.0407 0.3065 0.8922 
7.00 1.3729 0.7332 0.0093 0.3158 0.2036 
7.50 1.3726 0.7278 0.0141 0.3299 0.3091 
8.00 1.3721 0.7189 0.0240 0.3539 0.5254 
8.50 1.3716 0.7099 0.0246 0.3785 0.5387 
9.00 1.3712 0.7028 0.0201 0.3986 0.4408 
TahI A4 Tahle of results for exneriment 04A 
Time(hrs. ) 
Refraction 
Index 
Molar 
Concentration in 
moI/L 
Volume 
gained, litres 
Total Cumulative 
Volume, litres 
z Flux in I/m hr 
0.00 1.3670 0.6278 0.0000 0.0000 0.0000 
1.00 1.3665 0.6188 0.0231 0.0231 0.2451 
1.50 1.3663 0.6144 0.0114 0.0345 0.2506 
2.00 1.3660 0.6099 0.0116 0.0461 0.2542 
3.00 1.3655 0.6010 0.0237 0.0699 0.2599 
4.00 1.3651 0.5938 0.0195 0.0894 0.2136 
5.00 1.3648 0.5885 0.0149 0.1043 0.1636 
6.00 1.3642 0.5777 0.0307 0.1350 0.3363 
7000 1.3638 0.5706 0.0211 0.1561 0.2312 
8.00 1.3635 0.5652 0.0162 0.1723 0.1772 
9.00 1.3630 0.5563 0.0277 0.1999 0.3030 
Tables A. 2, A. 3 and A. 4 confirm FO does take place through the membrane used. 
With time, the molar concentration of the glucose solution decreases which shows 
that water is passing from the pure water to the glucose solution and thus is reducing 
the concentration of the glucose solution. 
Collecting all the results and analysing them statistically to discard conspicuous data 
using the test of q we can then plot the following graph: 
Water Flux vs OA Concentration in Counter Current RO 
System 
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Figure A. 5: Graph representing data from experiments 002A, 003A and 004A using RO membrane in a 
FO set up. 
Comparison of Water Fluxes against 
Concentration Levels in OA 
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Figure A. 6: Graphic representation of the experiments: experiment I represents 002A, experiment 2 
represents 003A and experiment 3 represents 004A, data from table 1. 
Figure A. 6 shows a relatively proportional relationship between water flux and the 
different concentration of the OA solution. The results of the initial experiments are 
positive and confirmed the potential for working with the RO membrane in a FO 
system. 
123 
Experiments 
APPENDIX B: TABLE OF RESULTS 
Appendix B will provide the table of results for all experiments as listed below. 
Draw Feed 
Concentration Flow Temp Concentration Flow Tern Membrane 
TABLE EXP Molar L/min °C L/min 
_°C 
B. 3 
6.5 
B. 6 
B. 7 
B. 8 
B. 9 
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2 2.076M - 0.083M 3 25 Deionized Water 3 25 TFC-HR 
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{3 
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1,2,3 RESULTS FOR VARYING MEMBRANE - DEIONIZED WATER 
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ALE 8,1: 
DRAW FLOW: 3Iltrus I min, FEED FLOW: 3 litres I min 
DRAW TEMPERATURE: 25 Celsius, FEED TEMPERATURE: 25 Celsius 
FEED: DEIONIZED WATER 
MEMBRANE: TFC-ULP 
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TABLE 8.2: 
DRAW FLOW: 3 litres I min, FEED FLOW: 3 IW*s I min 
DRAW TEMPERATURE: 26 CNelus, FEED TEMPERATURE: 26 Cololus 
FEED: DEIONIZED WATER 
MEMBRANE: TFC-HR 
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TABLE 0.3: 
DRAW FLOW: 3 litres I min, FEED FLOW: 3 litres I min 
DRAW TEMPERATURE: 25 Glcius, FEED TEMPERATURE: 26 Cwkius 
FEED: DEIONIZED WATER 
MEMBRANE: TFC-SR2 
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TABLE 8,5: 
DRAW FLOW: 2 litres I min, FEED FLOW: 3 Iltns I min 
DRAW TEMPERATURE: 26 CeIcIus, FEED TEMPERATURE: 25 CsIclus 
FEED: DEIONIZED WATER 
MEMBRANE: TFC-ULP 
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TABLE 9.6: 
DRAW FLOW: I Iltrns I min, FEED FLOW: 3 Writ I min 
DRAW TEMPERATURE: 25 Cslcius, FEED TEMPERATURE: 26 CGlnius 
FEED: DEIONIZED WATER 
MEMBRANE: TFC-ULP 
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TABLE B. T: 
DRAW FLOW: 3 litres 1 min, FEED FLOW: 2 litres I min 
DRAW TEMPERATURE: 25 Gleius, FEED TEMPERATURE: 25 CNeius 
FEED: DEIONIZED WATER 
MEMBRANE: TFC. ULP 
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IABLE B.! " 
DRAW FLOW: 21Hns l min. FEED FLOW: I Hires I min 
DRAW TEMPERATURE: 25 Cololus, PEED TEMPERATURE: 25 Cslalus 
FEED: DEIONIZED WATER 
MEMBRANE: TFC-ULP 
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TABLE B. 10: 
DRAW FLOW: 3 litres I min, FEED FLOW: 3 Ihres I min 
DRAW TEMPERATURE: 15 Csloius, FEED TEMPERATURE: 25 Cdelus 
FEED: DEIONIZED WATER 
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TABLE B. 11: 
DRAW FLOW: 1 litres I min, FEED FLOW: 3 litres I min 
DRAW TEMPERATURE: 35 CuIcius, FEED TEMPERATURE: 25 Culcius 
FEED: DEIONIZED WATER 
MEMBRANE: TFC-ULP 
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TABLE 0.12; 
DRAW FLOW: 3 litres 1 min, FEED FLOW: 3 litres I min 
DRAW TEMPERATURE: 25 C*Icius, FEED TEMPERATURE: 15 CNoius 
FEED: DEIONIZED WATER 
MEMBRANE: TFC-ULP 
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TABLE B. 17: 
DRAW FLOW: 3 litres / min, FEED FLOW: 3 Iltns I min 
DRAW TEMPERATURE: 25 Csloius. FEED TEMPERATURE: 35 Cslcius 
FEED: DEIONIZED WATER 
MEMBRANE: TFC-ULP 
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APPENDIX C: OTHER FIGURES 
Appendix C will provide the data for the following figures: 
0* Flux vs. Salt selectivity 
. ** Net Osmotic Pressure vs. Flux 
Draw Fee d 
Figure Figure Concentration Flow Temp Concentration Flow Temp Membrane 
EXP Molar L/min °C L/min °C 
C. 1 C. 2 1,2,3 2.076M - 0.083M 3 25 Deionized Water 3 25 vary 
C. 3 C. 4 1,4,5,6,7 2.076M - 0.083M vary 25 Deionized Water vary 25 TFC-ULP 
C. 5 C. 6 1,8,9,10,11 2.076M - 0.083M 3 vary Deionized Water 3 vary TFC-ULP 
C. 7 C. 8 12,13,14 2.076M - 0.498M 3 25 10,000 m NaCI 3 25 vary 
C. 9 C. 10 12,15,16,17,18 2.076M - 0.498M vary 25 10,000 m NaCl vary 25 TFC-ULP 
C. 11 C. 12 12,19,20,21,22 2.076M - 0.498M 3 vary 10,000 m NaCl 3 vary TFC-ULP 
C. 13 C. 14 23,24,25 2.076M - 1.744M 3 25 40,000 m NaCl 3 25 vary 
C. 15 C. 16 23,26,27,28,29 2.076M - 1.744M vary 25 40,000 m NaCI vary 25 TFC-ULP 
C. 17 C. 18 23,30,31,32,33 2.076M - 1.744M 3 vary 40,000 m NaCl 3 vary TFC-ULP 
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APPENDIX D: ANAYSIS OF MgSO4 BY EDTA TITRATION 
Appendix D will provide the table of results for the analysis of MgSO4 by IIDTA 
titration. The tables that correspond to the results for experiments 12 - 33 are listed 
below. Tables ending with "A" are results for the first run while tables ending with 
"B" are results for the second run. 
D. 16 27 2.076M - 1.744M 1 25 40,000 m NaCl 3 25 TFC-ULP 
D. 17 28 2.076M - 1.744M 3 25 40,000 m NaCl 2 25 TFC-ULP 
D. 18 29 2.076M - 1.744M 3 25 40,000 m NaCl 1 25 TFC-ULP 
D. 19 30 2.076M - 1.744M 3 15 40,000 m NaCl 3 25 TFC-ULP 
D. 12 23 2.076M - 1.744M 3 25 40,000 m NaCl 3 25 TFC-ULP 
D. 20 31 2.076M - 1.744M 3 35 40,000 m NaCl 3 25 TFC-ULP 
D. 21 32 2.076M - 1.744M 3 25 40,000 pm NaCl 3 15 TFC-ULP 
D. 22 33 2.076M - 1.744M 3 25 40,000 m NaCl 3 35 TFC-ULP 
The keys below show whether the EDTA concentration was diluted 
or the sample diluted to achieve a correct titration result. 
* Sample diluted 100 times 
*** EDTA diluted 100 times 
**** EDTA diluted 10 times 
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APPENDIX E: DETERMINATION OF CHLORIDE WITH IONS 
SELECTIVE ELECTRODES 
Appendix E will provide the calibration curves of the ions selective electrodes. 
Appendix E will also provide the tables of results for the concentration of chloride 
ions in the DS at the end of each experiment. The figures and tables that correspond to 
the results for experiments 12 - 33 are listed below. Tables ending with "A" are 
results for the first run while tables ending with "B" are results for the second run. 
Cal. Cl - Draw Feed 
Curve 
FIG 
conc. 
bles T Concentration Flow Temp Concentration Flow Temp Membrane a 
A&B EXP Molar L/min °C L/min °C 
E. I E. 1 12 2.076M - 0.498M 3 25 10,000 m NaCl 3 25 TFC-ULP 
Ell E. 2 15 2.076M - 0.498M 2 25 10,000 m NaCl 3 25 TFC-ULP 
E. 111 E. 3 16 2.076M - 0.498M 1 25 10,000 m NaCl 3 25 TFC-ULP 
E. IV E. 4 17 2.076M - 0.498M 3 25 10,000 m NaCl 2 25 TFC-ULP 
E. V E. 5 18 2.076M - 0.498M 3 25 10,000 m NaCl 1 25 TFC-ULP 
E. VI E. 6 19 2.076M - 0.498M 3 15 10,000 m NaCl 3 25 TFC-ULP 
E. 1 E. 1 12 2.076M - 0.498M 3 25 10,000 m NaCl 3 25 TFC-ULP 
E. VII E. 7 20 2.076M - 0.498M 3 35 10,000 m NaCl 3 25 TFC-ULP 
E. VIII E. 8 21 2.076M - 0.498M 3 25 10,000 m NaCl 3 15 TFC-ULP 
E. XI E. 9 22 2.076M - 0.498M 3 25 10,000 pm NaCl 3 35 TFC-ULP 
E. I E. 1 12 2.076M - 0.498M 3 25 10,000 m NaCl 3 25 TFC-ULP 
E. X E. 10 13 2.076M - 0.498M 3 25 10,000 m NaCl 3 25 TFC-HR 
E. XI E. 11 14 2.076M - 0.498M 3 25 10,000 m NaCl 3 25 TFC-SR2 
E. 12 23 2.076M - 1.744M 3 25 40,000 m NaCl 3 25 TFC-ULP 
E. 13 26 2.076M - 1.744M 2 25 40,000 m NaCl 3 25 TFC-ULP 
E. XII E. 14 27 2.076M - 1.744M 1 25 40,000 m NaCl 3 25 TFC-ULP 
E. 15 28 2.076M - 1.744M 3 25 40,000 m NaCl 2 25 TFC-ULP 
E. 16 29 2.076M - 1.744M 3 25 40,000 m NaCl 1 25 TFC-ULP 
E. XIII E. 17 30 2.076M - 1.744M 3 15 40,000 m NaCl 3 25 TFC-ULP 
E. XII E. 12 23 2.076M - 1.744M 3 25 40,000 m NaCl 3 25 TFC-ULP 
E. 18 31 2.076M - 1.744M 3 35 40,000 m NaCl 3 25 TFC-ULP E. XIII E. 19 32 2.076M - 1.744M 3 25 40,000 m NaCl 3 15 TFC-ULP 
E. 20 33 2.076M - 1.744M 3 25 40,000 m NaCI 3 35 TFC-ULP 
E. XII E. 12 23 2.076M - 1.744M 3 25 40,000 m NaCl 3 25 TFC-ULP 
E XIV 
E. 21 24 2.076M - 1.744M 3 25 40,000 m NaCl 3 25 TFC-HR 
. E. 22 25 2.076M - 1.744M 3 25 40,000 m NaCl 3 25 TFC-SR2 
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APPENDIX F: COMPARISON OF RESULTS FOR VARYING 
CONCENTRATION OF FEED 
Appendix F will provide the continuation of figures displayed in section 6.2.4 for the 
TFC-HR and TFC-SR2 membranes for a constant flow and temperature of 3 litres / 
min and 25°C respectively. Similar to section 6.2.4, the figures will include the 
following: 
9 Concentration of OA vs. Flux 
" Net Osmotic Pressure vs. Flux 
" Concentration of OA vs. Salt selectivity 
" Net Osmotic Pressure vs. AH, 
" Concentration of OA vs. Rejection rate 
The figures and their descriptions are listed below. 
FIG DESCRIPTION 
F. 1 TFC-HR, Concentration of OA vs. Flux 
F"2 TFC-HR, Net Osmotic Pressure vs. Flux 
F. 3 TFC-HR, Concentration of OA vs. Salt selectivity 
F. 4 TFC-HR, Net Osmotic Pressure vs. A, 
F. 5 TFC-HR, Concentration of OA vs. Rejection rate 
F. 6 TFC-SR2, Concentration of OA vs. Flux 
F. 7 TFC-SR2, Net Osmotic Pressure vs. Flux 
F. 8 TFC-SR2, Concentration of OA vs. Salt selectivity 
F. 9 TFC-SR2, Net Osmotic Pressure vs. A, 
F. 10 TFC-SR2, Concentration of OA vs. Rejection rate 
ý. mn It OA .. . w. 
10 TO 01000 Ovaler 
"1 10,000 ppm =1 p OQ 
pü "40.000 PP- 
p 
QO° 
." 
°OpQ "" 
- fQ """ 
131313 
. 41 
0,0 OS 1.0 1.5 
2.0 3.5 
Oe eaK. +rr1e+11M1 
F. 1: RO 90.5%. Ca csnlbnlb^ of OA vs. Flux 
NM Oýmoüc Pss5 yr flu. 
10 
13 13 
Q 13 
Q 
e 139-0 " 
13 0 
dd " 
Qýad 
_ee. QDieUllea water 
os +0 15 mn 30 35 aaw 
uw0. n... - (e. ) 
F. 2: RO 99.9%. Net Osmo4c P, ". sure W. Flux 
c0.04. * .5l ,r 0* .. arg ar. eaýr 
im 00 
°QQQQwIvigla 
Qaa 
WW 
WW 
Nro 
M 
WSO 
"" 
Wp 
q 
woo 
dW 
Ww 1QDMIIIed water --- - 
W t0 "10,000 pqn NaCI', 
A40,000 ppm Nod 
00 05 10 15 20 2.5 
04 00000 00400 (M) 
F. 3: RO 99.5%, 00001040400 d OA Ys. SMt t"le0tMty 
-- 
Aw 
03 O DMllled water 
"10,000 ppm NaCli 
ýA 40,000 ppm NaCIi 
o ooaO o0 
o:: " "ao9 ag00 """ 
  o OO"" 
J a. 1 a" 
° 
O "" 
°* 
00 ý -_ 
05 ]0 b 40 N 50 10 15 
XI 
35 
0.4 o.. mrk P, nw. ( bar) 
F. 4: RO 90.5%. Not Oamoric Prwwro vs. Aw 
- 
ewýnr. nw. a w.. a. Mýý a. w 
oom 
" 10,000 ppm NaCI 
440, 000 ppm NaCI' - 
aaoo ý 
M50 
gooo 
97 0 
gem &ý 
ae OD 
"" 
05 m 
00 0.5 10 IN 20 25 
M Cono. rtraamt (N) 
F. 3: RO 90.5%" Carc. ntraUOI of OA va. RNaetlon n! 
Cmet. tMbn M OA vt FIM- 
Q0 Distilled 
000 water 12 " 140ppm NaCI 
.. 40,000 ppm NaCI QQ 
1e QQQQQ 
13 0 0 J 
QQ "S"" 
*00 
13 
4 
O 
1313 Do 
2o 
"" 
00 05 10 +e zo 23 
OA cý ( 
F. 6: NF 99.5%, COOcentratlon of OA vs. Flux 
,4 
13 
lo 313 13 00 
00 
oa 
EO0"""" 
o" 
4- 
130 
C30 "" 
" 
": " o onnuea voter zo 
0 
pig X10,000_-Ppm 
--. 
ý 
os to ýs 
- 
zo 
-nz5 
ýo b 70 
F. 7: NF 99.5%. Net Osmotic Pressure vs. Flux 
C-... U -a 0* . 5MI Sr.. " 
imro 
13 
QO aßa_A 'OýOOýü 
aam 
woo 
8600 0 Diehl . 461 
95. E " 10.000 ppm 
00 05 1o IS 20 2.0 
oA oa. rwa. d IMI 
F. 6: NF 99.5%, Conc. Atrallon of OA vs. Salt.. Uvity 
0.3 
13 
°O 
01313 130 
°°p°p 
p °°°p 
ep""""""" -I 
°"f 
01 
° 
4P 
4p" O Distilled water pf" 10,000 ppm NaCli 
"ff "40.000 ppm NaCI 
05 10 15 20 n 70 35 40 45 äf 
5.4 0.,, t 7, w) 
F. 9: NF 99.51. Net Oamoöc Pressure os. Aw -- - --- 
CmcwMralbn of 0* vv Rs$cIio . Na. 
10000 
9700 
OIOD -. ___ ""ýý"R J 
sego - _ý 
., 0,000 ppm NaCl 
"40,000 ppm NaCl 
00 05 10 1.5 20 
Oll Cwea. ai- p 
F. 10: NF 99.5%, Concentration of OA vs. Rejection rate 
25 
APPENDIX G: TIME TAKEN TO COMPLETE EXPERIMENTS 
The table below gives a detailed account of the time taken to complete each 
experimental set as well as the total time taken to complete all experiments in this 
research. The preparation time for each experiment is taken to be 45 minutes. This 
includes preparing the OA solution to the correct concentration as well as stabilising 
the solution to the desired temperature. The cleaning process follows each experiment 
and takes 40 minutes which includes cleaning all apparatus used and flushing the 
membrane with deionized water for 20 minutes. The analysis stage only takes place 
when NaCl is present in the feed solution. The analysis stage takes 5 minutes for the 
chloride sample using the selective ions electrodes and 10minutes to measure the 
Mg +2 ions present using EDTA titration. 
FEED: Deionized water 
Preparation Experiment Cleaning Total Total Time 
45 mins 20 mins 40 mins 105 mins hours 962.5 
days 120.3 
weeks 24 
flow temp membrane total 
number of experiments 250 200 100 550 
FEED: 10,000 ppm Nacl 
Preparation Experiment Cleaning Analysis Total Total Time 
45 mins 20 mins 40 mins 15 mins 120 mins hours 880 
days 110 
weeks 22 
flow temp membrane Total 
number of experiments 200 160 80 440 
FEED: 40,000 ppm Nacl 
Preparation Experiment Cleaning Analysis Total Total Time 
45 mins 20 mins 40 mins 15 mins 120 mins hours 220 
days 27.5 
weeks 5.5 
flow temp membrane Total 
number of experiments 50 40 20 110 
The total number of hours is taken as the (number of experiments) x (time per 
experiment). Experiments were carried out 8 hours per day and 5 days per week. 
